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ABSTRACT
Carbonaceous pitches can serve as attractive precursors for advanced carbon
materials such as high thermal conductivity fibers or carbon-carbon composites. Yet the
effects of composition and molecular structure on the bulk properties (e.g., mesophase
content and melting point) of these precursors remain only partly known, mainly because
of the difficulties associated with the isolation, identification, and quantification of the
large (i.e., molecular weight (mol wt) > 350-400 Da) polycyclic aromatic hydrocarbon
(PAH) oligomers comprising these pitches.
In this study, oligomeric fractions were isolated via supercritical extraction (SCE)
from two representative pitches: a petroleum pitch (M-50) produced by the thermal
polymerization of aromatic decant oil (a byproduct of the fluid catalytic cracking process)
and

a

pyrene

pitch

produced

catalytically

with

AlCl3.

Molecular-structure

characterization and mesophase analysis were performed on selected oligomeric fractions
and oligomers.
High-purity (>97%) dimer and trimer fractions were isolated from M-50 pitch via
SCE using pure toluene as the extractive solvent. 99%-pure dimer and trimer oligomers
were isolated from catalytically polymerized pyrene pitch; however, their recovery was
only possible with the addition of N-methylpyrrolidone (NMP) as a cosolvent with
toluene. This solvent mixture significantly increased product yields (3x vs. neat toluene)
and inhibited undesirable side reactions that occurred between pure toluene and pyrene
oligomers.
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The key dimeric isomers present in pyrene pitches produced both catalytically and
thermally were isolated from the dimer fraction via reverse-phase HPLC, using
dichloromethane (DCM) as the mobile phase. Molecular-structure information for
individual species was obtained via MALDI-MS and by UV-vis and fluorescence
spectroscopy. With this approach, the 5 possible pyrene dimer isomers (2 alternant and 3
non-alternant) in the catalytically produced pitch were all isolated and identified.
Furthermore, four of those isomers (2 alternant and 2 non-alternant) were also identified
in the pitch produced thermally. Methylated species were detected only in the pitch made
catalytically, indicating that the methylation reactions occur exclusively because of
catalytic activity.
Both pyrene trimer and an M-50 trimer fraction were analyzed for mesophase via
cross-polarized optical microscopy. A fully developed (100%) liquid crystalline phase
was observed for the pyrene trimer (mol wt = 598 Da) produced catalytically. To the
author’s knowledge, this is the lowest molecular weight PAH for which mesophase
formation has ever been observed. Furthermore, the softening point of the pyrene trimer
mesophase was a relatively low 290 ºC. On the other hand, conversion to mesophase
(~40%) was observed for the M-50 trimer fraction, which had a mol wt range of 650-900
Da.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
Carbonaceous oligomeric pitches can be used as suitable precursors for a variety
of high-performance carbon artifacts, such as cathodes for lithium ion batteries [1],
carbon fibers [2], and carbon-fiber-based composites [3]. These precursors are mixtures
of polycyclic aromatic hydrocarbon (PAH) oligomers and typically exhibit broad
molecular weight distributions (MWD), ranging from 200 to 1600+ Da [4].
Carbonaceous pitches are usually prepared by either thermal [5, 6] or catalytic
polymerization [7-10] processes. Both pure PAH monomers (e.g., naphthalene,
anthracene, pyrene) and mixtures of PAH monomers (e.g., coal tar, aromatic decant oil)
can be used as starting materials. The Matrix Assisted Laser Desorption/Ionization
(MALDI) mass spectrum of M-50, a representative petroleum pitch produced via thermal
polymerization of aromatic decant oil, is presented as Figure 1.1.
A fascinating property of carbonaceous pitches, either produced thermally or
catalytically, is their intrinsic ability to form a liquid crystalline phase (i.e., mesophase)
upon appropriate processing conditions (either composition- or temperature-wise).
Generally speaking, mesophase formation can be induced by concentrating the higher
molecular weight (mol wt) species in the pitch, which is typically accomplished by either
polymerization of the lower mol wt components and/or removal of those lower mol wt
species. [11] Because of the natural tendency of the PAH species comprising mesophase
pitch to orient in a graphite-like configuration (due to favorable π-π interactions) and its
high carbon content, mesophase pitch has been deemed an attractive precursor for
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numerous advanced carbon applications such as high thermal conductivity (HTC) fibers
(with thermal conductivities up to 3X that of copper), carbon foams [12, 13], thermal
pipes and carbon-carbon composites [3].

Figure 1.1. MALDI mass spectrum of M-50 pitch [66]. The oligomeric nature of this
material is clearly observed.

Over the last 3-4 decades, there has been a tremendous amount of effort to both
facilitate the production of mesophase-based products and understand this precursor. For
instance, more than 20 years ago, Amoco Performance Products (now Cytec Engineered
Materials, Inc.) started the commercialization of high thermal conductivity (i.e., > 1000
W/m-K) fibers (marketed as K-1100 carbon fibers) processed from a thermally produced
mesophase pitch. During this same period, Mochida and coworkers [10] introduced a
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catalytic polymerization technique (based on the development of a HF3/BF3 catalyst) for
the production of mesophase pitches that were eventually marketed as AR Mesophase by
Mitsubishi Gas Chemical Company. In addition, carbonaceous mesophase pitches have
been used for the densification of carbon-carbon composites, especially thick composites
of density greater than 1.8 g/cm3 [3].
Despite the progress on the processing side of the production of mesophase-based
carbon artifacts, and, in general, the immense potential for future applications, relatively
little is known about the molecular composition of mesophase pitches. Since
carbonaceous mesophase was first discovered by Brooks and Taylor in 1965 (with the
work published in their iconic Nature paper [14] and shortly after in Carbon [15]),
researchers in the carbon community have put considerable effort into understanding the
processes by which PAH compounds are converted into mesophase (and ultimately into
carbon), and more specifically, answering the question of what carbonaceous mesophase
really is, in terms of its molecular composition. Although many talented scientists and
engineers have addressed this subject over the years (a review of relevant work is
presented in the Section Characterization of mesophase pitch), this problem remains only
partially solved.
But, what exactly has hindered progress in this area? Given the extremely
complex chemical nature of carbonaceous mesophase, there might not be a single reason
for this; however, the main cause is probably related to the considerable challenges
associated with the analytical characterization of this material. Generally speaking, the
analytical characterization of complex, multicomponent mixtures of large (i.e., with mol
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wts >350-400 Da) PAH oligomers, such as the constituents of mesophase pitch, is
difficult because of the low solubilities and volatilities of these large PAHs, and the lack
of molecular standards for these compounds [16, 17]. These limitations make the
isolation, identification and quantification of the PAH oligomers in mesophase pitch
considerably challenging tasks. A direct consequence of these limitations, and a clear
example of the relatively slow pace of progress in this particular field, is that average (vs.
definitive) molecular structures have been the typical result of characterization work
performed with mesophase pitches [4, 10].
The big-picture consequence of the above limitations is that the understanding of
the effects of PAH molecular structure and composition on the development of
mesophase in carbonaceous pitches remains mainly qualitative. In fact, to date,
carbonaceous pitch is the only naturally occurring material (e.g., in carbonization
processes) observed to form a discotic (i.e., disc-like mesogens or mesophase-forming
molecules), liquid crystalline phase upon favorable processing conditions (temperaturewise or composition-wise) [18]. Elsewhere, this type of liquid crystalline arrangement
has only been observed in a few synthesized organic compounds, which typically exhibit
a rigid aromatic core and relatively long (i.e., 8-11 carbons) aliphatic chains that
contribute to molecular mobility [18]. For instance, Müllen and coworkers [19] have
reported on the synthesis of large PAHs with aliphatic side chains, e.g., triphenylenes,
dibenzopyrenes, and hexa-peri-hexabenzocoronenes, that can self-assemble into
columnar liquid crystalline phases. As an example, the general structure for hexa-perihexacoronenes is given as Figure 1.2. Discotic liquid crystalline behavior has also been
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reported in supramolecular complexes in which the core and chain components of the
mesogen are not part of a single, covalently bonded molecule, but are two distinct
molecules held together strictly by non-covalent interactions such as hydrogen bonds or
aromatic π-π stacking [20].

Figure 1.2. General structure for hexa-peri-hexacoronenes. Large PAHs, such as hexaperi-hexacoronenes, can be synthetically engineered to develop liquid crystalline phases
(e.g., by modifying chain length or core size) [19].

In contrast, the PAH oligomeric species comprising mesophase pitch may or may
not have side chains, and when they do, the chains are relatively short (i.e., methyl or
ethyl side groups). Representative structures for mesophase-forming trimer and tetramer
oligomers present in M-50 pitch, recently identified by Burgess and Thies, are given as
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Figure 1.3 [21]. Mol wt ranges for M-50 trimer and tetramer fractions are 645-890 Da
and 890-1120 Da, respectively [21]

Figure 1.3. Representative trimer (mol wt 731 Da) and tetramer (mol wt 998 Da)
structures in M-50 pitch as identified by Burgess and Thies [21].

Based on the above structural considerations, the development of mesophase in
carbonaceous pitches must then be a consequence of a synergistic, mixing effect between
the non-mesogenic and mesogenic molecules. However, to the best of the author’s
knowledge, individual PAH species in mesophase pitch have never been isolated; thus,
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the effect of these individual PAH components on the formation of mesophase in
carbonaceous pitches remains unknown. In fact, a liquid crystalline phase has never been
observed in a pure PAH molecule isolated from mesophase pitch [18] (as mentioned
above, columnar liquid crystalline phases are typically formed with the large PAHs
synthesized by Müllen and coworkers; however, these large PAHs typically possess
longer side chains and wider aromatic cores compared to the PAHs in mesophase pitch
[19, 21]). From a final material-processing perspective, the challenges discussed above
imply that property optimization of mesophase-based final products must be done with
downstream processing operations (e.g., graphitization temperature), which can increase
final product cost and adversely affect properties, as opposed to designing a precursor for
a particular application based on quantitative relationships between molecular
composition and bulk properties (e.g., mesophase content, softening point, viscosity,
etc.).
As will be discussed in detail throughout this introduction, a fundamental
understanding of liquid-crystal formation in carbonaceous pitches remains elusive to
researchers. Thus, the motivation for this work was to contribute to closing such gaps by
incorporating both traditional and novel tools for the identification and characterization
of the constituents of carbonaceous pitches, using that information to infer the effect the
molecular characteristics of pitch constituents have on mesophase formation. Particularly,
in this work, two representative carbonaceous pitches were selected for study. The first
pitch was a petroleum pitch (M-50) produced by heat soaking of aromatic decant oil (a
byproduct of the fluid catalytic cracking process). M-50 is a representative petroleum
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pitch that has been commercially used for the production of carbon artifacts such as
carbon fibers. In addition, significant research has been conducted with M-50 in the Thies
group at Clemson University over the past ~7 years. The second pitch was a pyrene pitch
produced via the catalytic polymerization of pure pyrene monomer with AlCl3. A
MALDI mass spectrum of that pitch is given as Figure 1.4. Work with pyrene pitches
(and synthetic pitches in general) is part of an ongoing collaborative effort between
Clemson and Air Force research collaborators (led by Dr. Wesley Hoffman at the Air
Force Research Laboratory (AFRL)/RQRC in Edwards, California). Pyrene pitches are
considered to be good model pitches because of their relative compositional homogeneity
and “clean” MWD [22].

Figure 1.4. MALDI mass spectrum of a pyrene pitch produced via catalytic
polymerization of pyrene monomer using AlCl3 [22].
Thus, the overall goals of this research were (1) to fractionate into pure
oligomeric fractions M-50 petroleum pitch and pyrene pitch produced by catalytic
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polymerization and (2) to determine the molecular structures of the main constituents of
such fractions and establish whether such fractions would form mesophase.
A final note on the relevance of synthetic pitches, such as pyrene pitch, for
processing carbon-carbon composites is worth an extra paragraph. Work by Air Force
researchers [23, 24] has shown the advantages of using these precursors for the
densification of carbon-carbon composites (the most effective way to utilize a pitch for
composite densification is via the in situ polymerization of the monomer). That process
typically begins with the impregnation of a rigid fiber preform with a low-viscosity PAH
monomer, e.g., pyrene; subsequently, the monomer is polymerized and carbonized in situ
to create a carbon matrix [23].This cycle may be repeated several times in order to
achieve the desired densities. According to Wapner et al., one of the main advantages of
using PAH precursors for the densification of carbon composites is that the PAH
monomer is able to wet the preform far better than a fully formed pitch. Obtaining a more
fundamental understanding of the processes involved in the formation of mesophase in
synthetic pitches is of great interest to Air Force researchers. Such information would
have a significant impact on the development of more efficient processes for the
densification of carbon-carbon composites.
.
Carbonaceous pitches: production and characteristics
Petroleum-derived pitches
Petroleum pitches are produced by the thermal polymerization of aromatic decant
oil, a by-product of the fluid catalytic cracking of the heavy gas fraction of crude oil.
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They possess an oligomeric, relatively broad molecular weight distribution (MWD),
ranging from 200 up to about 1600 Da [4], as seen in the MALDI mass spectrum for M50 presented as Figure 1.1. Representative (vs. average) structures of the predominant
PAH constituents of M-50 have been recently reported by Burgess and Thies [21, 25]
(See Figure 1.3). Commercially available petroleum pitches (e.g., Ashland A-240,
Marathon M-50, Koppers KP-100) are isotropic materials with melting points of ~120°C.
Thermally polymerized pitches
In the early stages of the work on the carbonization of aromatic compounds,
Lewis and Edstrom [26] studied the ambient-pressure reactivity of 48 pure PAH
compounds by differential thermal analysis (DTA); the researchers found a dependence
of PAH thermal reactivity with molecular structure and size. Consequently, they
classified

their

PAHs

as

either

thermally

reactive

(e.g.,

acenaphthylene,

dibenzo[a,i]pyrene, naphthacene) or stable (e.g., naphthalene, anthracene, pyrene). That
work served as foundation for the development of processes for the thermal production of
PAH-based pitches. For instance, almost 20 years later, Lewis [5] expanded his work on
the thermal polymerization of aromatic hydrocarbons by characterizing the reaction
products of the polymerization of anthracene and naphthalene by GPC (Gel Permeation
Chromatography), Field Desorption Mass Spectrometry (FD-MS), NMR and hot stage
microscopy. Based on his results, Lewis proposed average structures for oligomers
ranging from dimer to octamer. He also noticed that the increase in molecular weight in
the pitch occurs mainly because of the polymerization of the aromatic constituents,
although his results suggested such an increase would not necessarily be accompanied by
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a high degree of aromatic condensation. In related work, this time with thermally
polymerized decant oil pitches, Greinke [27] intended to determine the type of chemical
bridges between monomeric units. To do so, he added a depolymerization agent to an
already polymerized petroleum pitch; such an agent did not cleave the dimers into
monomers, which led Greinke to conclude that the pitch constituents did not contain
methylene bridges. Additionally, Greinke noticed the PAH side chains would fracture at
the alpha position in the aromatic monomers, an indication of the formation of aryl-aryl
bridges in the oligomeric species. Based on the above observations, Greinke proposed a
free-radical mechanism involving side-chain alpha cracking; in such mechanism, the
polymerization proceeds by the localization of the free radical next to the aromatic ring.
Neither a mechanism involving beta cracking of the side chains nor the formation of a
benzyl-type free radical would fit the experimental results.
Sasaki et al. [28] studied the reaction mechanisms and the formation of
mesophase during the carbonization of anthracene and phenanthrene by applying
spectroscopic techniques (FT-IR, NMR) to solvent-extracted fractions (e.g., heptane-,
toluene-, pyridine-solubles). For the polymerization of anthracene, they proposed a
mechanism for the formation of 2-dimensional mesophase, which involved the initial
formation of non-alternant oligomers (i.e., PAH structures with 5-membered linking
units); a non-alternant anthracene pentamer as proposed by Sasaki is shown as Figure
1.5. Sasaki did not consider the formation of alternant (i.e., PAH structures with only 6membered rings) anthracene oligomers because of geometrical restrictions (they claimed
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the growth of alternant isomers would be one-dimensional, thus, discotic mesophase
would not be observed).

Figure 1.5. A non-alternant anthracene pentamer as produced during thermal
polymerization of anthracene, as proposed by Sasaki et al. [28]. Reprinted with
permission from [28], copyright American Chemical Society.
As seen in Figure 1.6 (a) and (b), Sasaki et al. proposed two alternative
mechanisms for the oligomerization of anthracene. In the first mechanism (Figure 1.6
(a)) the reactions proceed as a first-order bimolecular process in which two anthracene
molecules react to form an anthracene diradical (i.e., a molecule with two unpaired
electrons) and 9,10-dihydroanthracene. Subsequently, the formation of the second
intramolecular bond, responsible for the flat geometry of the anthracene dimer, proceeds
by a reaction analogous to the intramolecular Scholl reaction. A brief note on the Scholl
reaction is pertinent at this point. This reaction, a typical dehydrogenative condensation
reaction in aromatic compounds, proceeds by the elimination of two ring hydrogens
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accompanied by the formation of an aryl-aryl bond (i.e., a bond between aromatic
carbons), under the influence of AlCl3 or related Friedel Crafts catalysts [29]; likewise,
the intramolecular Scholl reaction is significantly important for systems of large
condensed rings; it typically proceeds with an increase in the C/H ratio and involves the
formation of an arenium ion intermediate [30]). In the second mechanism for the
oligomerization of anthracene proposed by Sasaki et al. [29] (see Figure 1.6 (b)), the
reaction begins with the formation of an anthryl radical (i.e., a univalent radical derived
from anthracene) that can attack another anthracene molecule; the radical complex
formed thereby is stabilized by resonance. This radical complex will combine then with a
second radical complex to form an aryl-bridged anthracene dimer.
Sasaki and coworkers [31] also noticed the significant role structural
considerations play in the development of mesophase during their investigation of the
polymerization of phenanthrene. For this PAH, the polymerization begins with the rapid
formation of aryl bonds between monomeric units, a process accompanied by a rapid
increase in molecular weight, a decrease in the C/H ratio and an increase of the nonplanarity of the molecule. Such non-planarity, the authors argued, would limit the
formation of mesophase. As the polymerization proceeds, (or as a relatively high
activation energy is overcome) the second intramolecular bond between monomeric units
in an oligomeric species may be formed, increasing the planarity of the molecules and
inducing mesophase formation. In additional work with anthracene and phenanthrene,
Sasaki et al. [31] related mesophase formation in phenanthrene and anthracene pitches
with the kinetic parameters of 3 solvent-insoluble fractions (i.e., insoluble in toluene,
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heptane and pyridine). They concluded that the reactivity of phenanthrene is reduced as
the reaction proceeds and the mesophase content increases.

Figure 1.6. Mechanisms for the polymerization of anthracene as proposed by Sasaki et
al. Adapted from [28]. (a) Mechanism involving formation of an anthracene diracal. (b)
Mechanism involving formation of an anthryl radical. Reprinted with permission from
[28], copyright American Chemical Society.

Catalytically polymerized pitches
Compared to thermal methods, which may need high operating pressures [32], the
production of pitches via catalytic processes has been regarded [33] as more efficient, in
terms of selectivity and yields. Isao Mochida at Kyushu University in Fukuoka, Japan,
and his multiple collaborators pioneered the use of catalysts for the production of PAHbased pitches. Their work on catalytic methods for the production of mesophase pitch and
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derived carbon artifacts inspired the development of AR mesophase pitch, produced via
the catalytic polymerization of naphthalene with HF3/BF3 [10, 34] and manufactured and
commercialized by Mitsubishi Gas Chemical Company, Inc. For over 30 years, Mochida
and coworkers studied the effects of both processing conditions (e.g., reaction
temperature and pressure) and catalyst on the carbonization of PAH compounds, and on
the mesophases and final materials produced thereof. Their early work covered the
carbonization of pure PAH monomers such as anthracene, naphthalene, chrysene and
pyrene with catalysts such as alkali metals (e.g., K, Li, Na) and AlCl3 [7, 8, 35, 36]. In
1988, Mochida introduced the use of HF3/BF3 as the catalyst for the polymerization of
aromatic compounds (e.g., naphthalene, methylnaphthalene, anthracene) for the
production of mesophase pitch. He reported dimer-rich pitches of high naphthenic
content and low softening point [10, 34].
As it was the case for thermal polymerization processes, several authors have
proposed reaction mechanisms for the catalytic polymerization of aromatic hydrocarbons.
For instance, Kovachi and Koch [37] studied the reactions of naphthalene with Lewis
Acid catalysts (e.g., FeCl3). They proposed an oxidative cationic mechanism, with
coupling in the 1 and 4 positions in the naphthalene monomer. They also reported the
presence of organic radical cations based on electron spin resonance results. In their
proposed mechanism, given as Figure 1.7, water acts as a Lewis base and complexes
with the Lewis acid catalyst, which leads to the formation of an electrophile. The
electron-rich naphthalene will then attack this electrophile, forming a resonancestabilized arenium ion (i.e., an aromatic cation). This arenium ion reacts with another
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naphthalene molecule to form an aryl-bridged dimer. In addition to the proposed
mechanism, the authors suggested an average composition of 3-to-6 naphthalene units per
chain based on NMR and Vapor Pressure Osmometry data.
Boero and Wargon [38] reported on the catalytic activity of AlCl3 in aromatic
hydrocarbons. In the first part of this study, they focused on the reaction of naphthalene
with AlCl3 at low temperatures (85-120 °C) and suggested, based on their NMR, FT-IR
and UV-Vis data, that the reaction was diffusion-controlled., Boero and Wargo proposed
a cationic mechanism for the oligomerization of naphthalene (see Figure 1.8) similar to
that of Kovachi and Koch. In their mechanism, Boero and Wargo proposed the formation
of an electrophile upon the Lewis acid-base interaction, this time between AlCl3 and
water. Subsequently, the electron-rich naphthalene attacks this electrophile to form an
arenium ion that will then react with a second naphthalene molecule. In additional work,
[39] Boero and Wargon carried out the polymerization of naphthalene at higher
temperatures (260-600 °C). They observed polymerization and disproportionation
reactions taking place, accompanied by H2 evolution and mesophase formation. The
authors noticed one of the main limitations of their study was that the solvent
fractionation of the pitch “failed in separating the product into narrow molecular weight
fractions and different degrees of polymerization”. Consequently, they warned against
extending the proposed mechanism to the formation of higher mol wt species, without
first unambiguously identifying the pitch constituents of such higher mol wt fractions.
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Figure 1.7. Reaction mechanism for catalytic polymerization of naphthalene with Lewis
acid catalyst as proposed by Kovachi and Koch [37]. Reprinted with permission from
[37], copyright American Chemical Society.
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Figure 1.8. Reaction mechanism for catalytic polymerization of naphthalene with AlCl 3
as proposed by Boero and Wargon [38]. Reprinted with permission from [38], copyright
Elsevier.

Characterization of mesophase pitch
The nature of carbonaceous mesophase has intrigued and fascinated scientists for
over 4 decades. As was briefly mentioned at the beginning of this introduction,
mesophase pitch exhibits both lyotropic (i.e., composition-based) and thermotropic
(temperature-wise) characteristics [40]. As seen in Figure 1.9, carbonaceous pitches may
form discotic, nematic (i.e., possessing orientational order but no positional order)
mesophase [41]. In contrast, only a handful of pure organic compounds exhibit discotic
mesophase. Such compounds, e.g., the hexa-peri-hexacoronenes, (see Figure 1.2)
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typically possess a rigid aromatic core with attached side chains that impart flexibility to
the molecule [19]; for mesophase formation, the number of carbons in the side chain
typically ranges from 8 to 11 [42] (the structural characteristics in these synthetic
compounds favor the formation of columnar mesophase, i.e., the mesogens possess
orientational order and certain degrees of positional order, rather than nematic mesophase
[42]).

Figure 1.9. Nematic and columnar mesogenic arrangement in liquid crystalline phases.
Adapted from Hu and Hurt [41]. Reprinted with permission from [41], copyright
Elsevier.

Compared to these synthetic, large PAHs [19], the side chains in the PAH species
in carbonaceous pitches, if existing, are much shorter (1-2 carbons) [25]. Therefore, the
uniqueness of carbonaceous mesophase lies in the fact that its phase behavior and
properties are strongly affected by the favorable interactions amongst the numerous pitch
components; in other words, the formation of a liquid crystalline phase in carbonaceous
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pitches is thermodynamically favored by a positive mixing effect (i.e., the lower free
energy of mixing depresses the melting point of the pure solid phases, allowing the
formation of a liquid-crystalline phase), even if most of the individual species in the
mixture wouldn’t form mesophase themselves because of their high melting points. In
fact, a discotic, nematic phase has never been observed in a pure PAH species either
synthesized or isolated from a pitch [38]. Thermodynamic and kinetic considerations for
carbonaceous mesophase are thoroughly discussed by Prof. Robert Hurt of Brown
University in an excellent (and pleasantly short!) article in Physics Today [41].
Extensive research has been done towards understanding the characteristics of
carbonaceous mesophase. Such work can be (roughly) classified as (1) the effect of
processing conditions (e.g., shear-flow and surface effects, microstructure orientation,
etc.) and (2) the chemical composition of mesophase pitch. Excellent literature reviews
on the processing side of mesophase pitch are given by Kundu [43] and Cato [44] in their
doctoral dissertations. Therefore, and because the motivation of this work is to contribute
to the understanding of carbonaceous mesophase from a chemical-composition
perspective, only a review of previous work focused on the molecular composition and
characterization of mesophase pitch is given here.
The development of a liquid crystalline phase during the polymerization process
of low-temperature carbon was first reported by Brooks and Taylor [14, 15]. They
proposed that mesophase is formed as layers of mesogenic PAH molecules coalesce into
mesophase spheres (hence, Brooks and Taylor spheres, see Figure 1.10) and eventually,
into bulk mesophase.
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Figure 1.10. Brooks and Taylor mesophase spheres and development of bulk mesophase
in carbonaceous pitches. Adapted from Cervo [62] and [64]. Color indentification of
mesophase-layer orientation is as follows: layers in the north east-south west direction (//)
appear blue, layers in the northwest-south east direction (\\) appear yellow, and those in
both north-south and east-west directions appear magenta. In the anisotropic regions (i.e.,
mesophase) the unit normal vector is parallel to the polished surface. In the isotropic
regions, the color response is magenta under all microscope-stage rotations. P, polarizer;
A, analyzer orientations. Reprinted with permission from [62], copyright John Wiley and
Sons.

As early as the 1970s, researchers performed the first attempts at the molecular
characterization of mesophase pitch. For instance, in 1971 Marsh [45] indirectly learned
something of the effect of molecular composition on mesophase formation by
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polymerizing anthracene with biphenyl; he found the biphenyl acted as a diluent and
prevented the growth of mesophase. Later on, realizing the significant effect of MWD on
the properties of carbonaceous pitches, Lewis [46] reported the use of GPC for the MWD
analysis of pitches. The limitations of the GPC technique were significant: for example,
the poor pitch solubility meant that the MWD obtained was not necessarily representative
of the pitch as a whole. Nevertheless, this work marked the beginning of a prolific decade
for Lewis’ career at Union Carbide Corporation, now a subsidiary of The Dow Chemical
Company. In fact, a significant portion of the current knowledge on carbonaceous
mesophase and carbonization processes is still based on the research Lewis and his
collaborators performed at Union Carbide over 25 years ago. For instance, in one of the
few studies that directly addressed the effect of molecular size on mesophase
development in pure PAH species, Lewis and Kovac [47] reported that pure PAH
compounds of up to 10 aromatic rings do not form mesophase; in addition, based on their
thermal polymerization experiments with terrylene, Lewis and Kovac suggested a
terrylene dimer with 17 aromatic rings (mol wt 748 Da, see Figure 1.11) as the pure PAH
compound with the minimum molecular size needed for mesophase to be formed in pure
PAHs. The authors also suggested that the formation of mesophase was most
significantly affected by molecular size (i.e., molecular weight).
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Figure 1.11. Terrylene and its dimer. Lewis and Kovac [47] proposed this 17-aromaticring dimer as the molecule with the minimum molecular size for the development of
mesophase in pure PAHs.

In another significant contribution, Chwastiak and Lewis [48] showed that
mesophase can be composed of both solvent-soluble species of low mol wt and solventinsoluble species of high mol wt. Shortly after, Diefendorf patented a solvent-extraction
process for the production of mesophase [49]. And, in the same line of research, Riggs (a
PhD student of Diefendorf) related characteristics of solvent-extracted mesophases to the
solubility parameter [50]. About 20 years later, Edwards and Thies [51] would show, via
MALDI-MS analyses, that solvent extraction methods lead to broad MWD mesophases
(and thus independently confirmed Chwastiak and Lewis’ 1978 results [48]).
The 1980s were, in general, a good decade for the advancement of the carbon
sciences and particularly of carbonaceous mesophase. In 1984 Greinke and Lewis [6]
studied mesophase pitches prepared thermally from both pure naphthalene and
methylnaphthalene. Based on GPC and NMR data, the authors proposed heptamer
oligomers (i.e., mol wt 872 Da) as the average composition of the naphthalene pitch and
pentamer-to-heptamer oligomers (mol wt. ~ 694 to 970 Da) as that of the
methylnaphthalene pitch [6]. In addition, the authors suggested that the polymerization of
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naphthalene would proceed via condensation reactions whereas the polymerization of
methyl naphthalene would proceed via the elimination of methyl groups. In similar work,
Greinke reported that the 400-700 Da molecules are the most reactive for mesophase
formation reactions in petroleum pitches, with the higher mol wt molecules (>1200 Da)
remaining essentially unreactive [52]. Similarly, Greinke and Singer [53] proposed that
mesophase formation is a two-step process involving the continuous transfer of 400-1100
Da molecules from the isotropic to the liquid crystalline phase, followed by the
polymerization of those 400-to-1100-Da molecules in the liquid crystalline phase. In
continuation of such work, Greinke [54] proposed that mesophase formation in decant-oil
based pitches occurs mainly due to polymerization reactions (i.e., a molecular weight
effect) rather than dealkylation reactions (i.e., which would correspond to higher
aromaticity and loss of sp3 bonding in the oligomers formed).
Singer et al. [55] also recognized the sensitivity of mesophase formation to
molecular structure and MWD by following mesophase formation in coal tar, petroleum,
and naphthalene pitches. And in a study that indirectly addressed the effect of molecular
size, Diefendorf [56] proposed an average diameter-to-thickness ratio of 3.5 for the
formation of discotic liquid crystals in carbonaceous mesophase.
To the best of the author’s knowledge, only a few research papers on the
characterization of carbonaceous mesophase have been published over the past 10-15
years. For instance, Menendez and her collaborators at INCAR (Instituto Nacional del
Carbon/National Carbon Institute) in Oviedo, Spain, evaluated the differences between
the pyrolysis of petroleum pitches and coal tar pitches at the same conditions, based on
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MWD and functional group analysis [57, 58]. More recently, Alvarez and collaborators at
INCAR have developed a new technique to produce mesophase pitch from anthracene
oil, a by-product from the distillation of coal tar [59]. Along with collaborators at the
Imperial College in London (in Prof. Rafael Kandiyoti’s group), INCAR researchers have
characterized their mesophases using techniques such as NMR, FT-IR, GPC and UVFluorescence [59]. Their results suggested the polymerization of anthracene oil to
produce mesophase proceeds mainly via cyclization reactions, rather than condensation
reactions [60]
Even though the limitations of the work described in this section must be
analyzed in their temporal context (some of the pioneering work is over 40 years old),
what is common in all of the cases above is the researchers’ inability to accurately isolate,
characterize and quantify individual fractions and/or PAH species in pitches. In
consequence, in all of the above examples, average (vs. definite) structures were
proposed for the constituents of the mesophases.

Fractionation of oligomeric pitches
The properties of pitch-based carbon materials are usually dependent on the
molecular properties (e.g., MWD and molecular structure of the PAH constituents) of the
pitch precursor [61, 62]. However, solvent-extraction methods (e.g., Soxhlet extraction)
for fractionating pitches can be crude, and broad MWD fractions are usually obtained
[51]. Furthermore, the use of solvent-extracted, broad MWD fractions for analytical
characterization purposes may lead to limited or poor results. Therefore, a key aspect for
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the structural characterization and quantification of the individual PAH species in
mesophase pitch is the ability to fractionate the parent pitch into pure oligomeric
fractions that can be used as oligomeric standards for structural characterization purposes
and/or quantitative analysis techniques [21]. Furthermore, fractionating a precursor pitch
by molecular weight becomes desirable, as it can introduce significant changes in bulk
properties such as mesophase content, melting point, viscosity, etc., of the resultant pitch
fractions [62, 63].
Supercritical Extraction: Work in the Thies group
For over 20 years, the Thies group at Clemson has studied the use of supercritical
extraction (SCE) methods for the fractionation and characterization of carbonaceous
pitches. In his doctoral dissertation, [64] Cervo does an excellent job reviewing the
methods for the fractionation of pitches (and other hydrocarbon and polymeric materials)
developed at Clemson and elsewhere. Therefore, in this introduction only a brief
summary focused on the packed-column SCE process, of particular interest for this work,
is given here.
Packed-column Supercritical Extraction (or Dense-gas extraction (DGE))
As part of an experimental effort built upon the contributions of previous
researchers in the Thies group, Edwards [51] developed a dense-gas/supercritical
extraction (DGE/SCE) method to fractionate carbonaceous pitches. He built an
experimental unit consisting of a 2-meter-high packed column (packing height ~⅔ of the
total height) with two possible modes of operation, continuous [51, 65] and
semicontinuous [66]. Schematics of the continuous and semicontinuous SCE modes are
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given in Figures 1.12 and 1.13, respectively. In principle, the DGE/SCE technique can
be applied to all types of oligomeric materials, regardless of their method of production.
At this point, it is appropriate to say that the research on the fractionation of pitches
received considerable

momentum

thanks to

Edward’s

discovery of

7,7,8,8-

tetracyanoquinodimethane (TCNQ) as the matrix for MWD analysis via MALDI-MS.
In a continuation of Edward’s work, Cervo’s goal was to understand the effect of
processing variables (e.g., temperature, pressure, solvent/feed ratio etc.) on the separation
of petroleum pitch fractions. He put significant effort into producing petroleum pitch
fractions of different compositions (i.e., MWD), including pure dimer fractions.
Furthermore, the SCE continuous mode allowed him to produce such fractions in
sufficient amounts (i.e., on the order of hundreds of grams to a kilogram) so that
advanced carbon materials, e.g., carbon fibers, could be processed and tested [62, 63, 65].
On the other hand, although the semicontinuous SCE mode (SemiSCE) mode was briefly
reported by Edwards and Thies [51], it was Kulkarni and this author [66] who used the
SemiSCE mode extensively to produce pure oligomeric fractions (i.e., purities >99%)
from petroleum pitch that would be suitable for structural characterization and
quantitative analysis. More recently, a catalytically produced pyrene pitch [22] was
fractionated into high-purity fractions via SemiSCE using supercritical N-methylpyrrolidone (NMP)/toluene mixtures with novel properties as the extractive solvent.
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Figure 1.12. Schematic of the continuous SCE process for the fractionation of pitches.
Spectra shown are based on real MALDI spectra for M-50 pitch and its oligomers.
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Figure 1.13. Schematic of the semicontinuous SCE (SemiSCE) process for the
fractionation of pitches. Spectra shown are based on real MALDI spectra for pyrene pitch
and its oligomers.

During SCE process operation, the solvent selectively extracts the PAH species in
the feed pitch, primarily according to their molecular weight. Temperature and pressure
are key parameters affecting the separation, primarily because of their effect on solvent
density (which is directly related to solvent power). A clear understanding of their effect
is required to optimize conditions to isolate pure oligomeric fractions. For instance, the
isothermal effect of pressure is to increase the solvent density; furthermore, as operating
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conditions approach the solvent critical point, the density increases more rapidly. In
contrast, the isobaric effect of temperature is to decrease the solvent density as the
temperature increases; this change also occurs more rapidly at conditions near the critical
point. The toluene density data at high pressures and temperatures reported by Goodwin
[67] illustrates the described phenomena.
In order to take advantage of the above SCE-process properties, operating with a
positive temperature gradient mode across the SCE column (i.e., the bottom section of the
column is at a lower temperature than the middle and top sections) is preferred over
isothermal operation. That is, in a typical isobaric operation, as the solvent flows up the
column, it will hit the lower-density sections (i.e., hotter than the bottom section); as a
consequence, some of the heavier pitch species that were initially extracted in the bottom
section, will precipitate, concentrating the lower mol wt species collected as top product.
These retrograde-condensation phenomena are discussed in more detail elsewhere [64].
The use of a positive gradient in the SCE process is illustrated in Figure 1.14, taking
toluene as the extractive solvent.
Use of novel solvent systems for solvating synthetic pitches:
the case for N-methyl-pyrrolidone (NMP)
The Thies group at Clemson has extensive (20+ years) experience working with
the toluene-petroleum pitch system. Because of such expertise, researchers in the Thies
group have been able to successfully fractionate M-50 pitch into cuts of controlled
composition via multistage packed-column SCE [51, 65].
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Figure 1.14. Positive temperature gradient in the SCE process, using toluene as the
extractive solvent. Toluene density data from Goodwin [67].

It is generally recognized that toluene can interact with aromatic solutes, such as
the PAH constituents of M-50 pitch, via the overlap of their π-electron orbitals [68].
However, a main reason for the success of the supercritical toluene fractionation of
petroleum pitches is the positive effect the particular chemical characteristics of M-50
have on its solvent solubility. M-50 pitch is mostly comprised of single- and multimethylated oligomers [21] (See Figure 1.3). These methylated species enhance the
solubility of the different pitch fractions in the solvent. A simplified visualization of this
phenomenon is given by assuming the pitch-toluene system to behave as an ideal solution
(such an assumption is somewhat crude, although powerful for descriptive purposes): as

31

the methylated species in the pitch depress the melting point of the pitch compared to the
components present individually, the overall pitch solubility increases (equivalently, in an
isothermal ideal or near-ideal solution, the solubility of each member of a series of
homologous compounds in the same solvent will decrease as their melting points increase
[69]). In M-50 pitch this effect is significant because the methylated species typically
exhibit significantly lower melting points compared to those of the non-methylated
species (e.g., melting point of pyrene: 150 °C; melting point of 4-methyl pyrene: 74 °C).
On the other hand, the fractionation of synthetic pitches, (i.e., pitches produced by
the catalytic polymerization of pure monomers such as pyrene and anthracene) could be
significantly limited by their lower solubilities (i.e., compared to petroleum derived
pitches such as M-50) in common organic solvents including toluene. As for M-50, the
solubility of synthetic pitches is strongly affected by the molecular characteristics of its
constituent PAHs. Pitches made with pure monomers, e.g., a catalytically produced
pyrene pitch, will exhibit a relatively low content of methylated oligomers upon
polymerization (for comparison, M-50 is made out of decant oil, which is itself a mixture
of methylated monomers [25]). Therefore, based on the same ideal-solution arguments
discussed in the previous paragraph, the solubility of these non-methylated oligomers
would tend to be lower compared to that of their methylated counterparts.
One of the goals of this PhD project was to fractionate and structurally
characterize pyrene pitches. Thus, finding a suitable solvent system was a main
requirement for achieving such goal. One of the contributions of this author to the field of
SCE of carbonaceous pitches was the discovery that supercritical N-methyl-pyrrolidone
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(NMP)/toluene mixtures act as novel extractive solvents for both petroleum and synthetic
pitches. To the best of the author’s knowledge, the use of NMP/toluene solvent mixtures
at high temperatures and pressures has not been reported. The results of that work are
thoroughly discussed in Chapter 3. Because of the positive impact using NMP had on the
results of this investigation, a brief overview of the applications and molecular
characteristics of NMP as a solvent is given below.
NMP is a dipolar, aprotic solvent used extensively in applications such as the
recovery of hydrocarbons in petrochemical processing [70, 71], electrochemistry [72, 73],
paint stripping [74], electronic manufacturing [75], among others. However, what makes
NMP particularly relevant for the fractionation of synthetic pitches is its use as the
extractive solvent [76-78] and as the mobile phase [79, 80] for the fractionation and GPC
analyses, respectively, of coal and coal-derived materials (which are chemically similar
to synthetic pitches).
But, what makes NMP such a good solvent for this type of material? NMP
exhibits a protophilic character that makes it an excellent electron donor (or equivalently,
proton acceptor). Particularly, its high dipole moment, 4.06 D [81], is believed to be due
to the resonance structures induced by the lone pair of electrons on the nitrogen atom, as
seen in Figure 1.15 (for comparison, the dipole moment of water is 1.8 D and of toluene
0.43 D) [81].
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Figure 1.15. Resonance structures for NMP [81].

In order to explain the NMP-aromatic compound interactions that may occur in
coal and pitch systems, the work by Domańska and co-workers [82, 83] is instructive.
Particularly, Gonzales’ solid-liquid equilibrium data for the NMP-benzene system
indicate strong interactions between these unlike molecules [82]. Such interactions
suggest that NMP and benzene form electron acceptor- electron donor (EDA) complexes
in which the electron-rich NMP act as the electron donor, while the benzene aromatic
structure acts as the electron acceptor [82, 83]. Even though assigning an electronacceptor character to aromatic molecules may seem counterintuitive at first, EDA
complexes between a strong electron donor such as NMP and an aromatic species are
possible because of the polarizable character of the aromatic molecules and their ability
to stabilize negative charges by resonance.

Structural characterization of PAHs
Characterization of PAHs other than pitch
The isolation, quantification and molecular characterization of large PAH
oligomers (i.e., molecular weight > ~350-400 Da) such as the constituents of mesophase
pitch face major challenges, mainly related to their low solubility, low volatility, and lack
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of molecular standards [16, 17]. Such difficulties limit the usefulness of techniques such
as liquid chromatography, gas chromatography and UV-vis/fluorescence spectroscopy,
commonly used in the analysis of low mol wt PAHs. Despite these limitations, over the
past 20-30 years there have been multiple cases of successful work on the
characterization of large PAHs. For instance, Fetzer [17, 84] extensively studied large
PAHs during his tenure at Chevron Research and Technology Company in Richmond,
California. The motivation for his research was a multimillion-dollar problem occurring
on a daily basis in hydrocracking units: the appearance of unknown, insoluble deposits
that would plug reactor pipes. Fetzer determined that these precipitates were the products
of the Scholl condensation reactions of coronene, ovalene, and to a lower extent, pyrene
(the catalysts used in the hydrocrackers were typically acidic alumina with added
transition metals) [84]. The coronene and ovalene dimers produced via the Scholl
reaction are shown in Figure 1.16. In similar work, Fetzer and Kershaw isolated and
identified by reverse-phase HPLC several alternant PAHs (i.e., comprised exclusively of
six-membered rings) present in the dichloromethane-soluble fraction of a coal tar pitch;
however, they recognized the limitations of that approach, i.e., the large number of
components and the lack of large-PAH standards [85]. Also worth noting in this review is
the work by the Wornat group at Louisiana State University on the isolation and
identification of the products of the supercritical pyrolysis of fuel model PAH
compounds, via RP-HPLC, mass spectrometry and UV-Vis/fluorescence spectroscopy,
among other techniques [87-89].
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Figure 1.16. Dimeric products of the Scholl condensation of Coronene and Ovalene
identified by Fetzer in hydrocracking units [84]. Reprinted with permission from [84],
copyright Taylor & Francis.

Work at Clemson on the characterization of pitches
In his PhD dissertation introduction, Burgess extensively reviewed previous work
on the characterization of carbonaceous pitches [90]. In fact, some of the most relevant
work in the field has already been discussed throughout this introduction. Thus, in this
section, only a brief summary of recent Clemson work on the structural characterization
of carbonaceous pitches is given. Over the past 5 years, the Thies group at Clemson has
developed a two-step fractionation strategy to facilitate the isolation and identification of
PAH constituents of carbonaceous pitches. This strategy consists of (1) the fractionation
of the parent pitch into pure oligomeric fractions via packed-column SCE and (2) further
fractionation of SCE-produced cuts via chromatographic methods (e.g., GPC, RP-HPLC)
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in order to isolate individual species. Structural information can then be obtained on the
individual species via analytical techniques such as MALDI-MS, UV-Vis/Fluorescence
spectroscopy, FT-IR, etc. A schematic of the 2-step fractionation process is presented as
Figure 1.17.

Figure 1.17. Two-step fractionation process for the isolation and structural
characterization of the PAH constituents of carbonaceous pitches.

A unique feature of this strategy is the ability to produce (via SCE) pure
oligomeric fractions in amounts (i.e., 1-5 g) sufficient for analytical characterization
purposes. By following this strategy, Burgess [21] found non-alternant PAH oligomers in
both M-50 pitch and a thermally polymerized anthracene pitch. In addition, Burgess
identified the main components of the monomeric fraction in M-50 pitch [25]. In
contrast, the focus of Kulkarni’s work was the development of reliable methods for the
quantitative analysis of M-50 pitch via MALDI-MS. By the use of SCE-produced pure
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oligomeric standards, Kulkarni developed quantitative relationships between actual
composition and the MALDI response for dimer and trimer M-50 oligomers [91] and
evaluated the effects of sample preparation on the reliability of MALDI analysis results
[92]. In addition, Kulkarni [93] analyzed the monomer and dimer fractions of a pyrene
pitch produced catalytically with AlCl3 via GC-MS, HPLC and UV-Vis (GC-MS was
only applied to the monomer fraction). In that work, HPLC dimer analysis was performed
using a dichloromethane (DCM)-1,2,4-trichlorobenzene (TCB) solvent gradient; out of
the possible 5 pyrene dimer isomers [94] (i.e., from the condensation reaction of pyrene
monomer) only one, 1.14,7.8-dibenzoperopyrene, was detected. As will be discussed in
Chapter 4, Kulkarni’s ability to adequately characterize this dimer fraction was probably
affected by two factors: (1) the dimer fractions used for HPLC analysis were produced
with pure supercritical toluene and contained undesired side products (i.e., dimer-toluene
side products) that may have coeluted with the species of interest [22], and (2) the use of
high-viscosity TCB as the mobile phase introduced considerably baseline noise that may
have adversely affected his ability to detect the separation.

Dissertation outline
As has been mentioned, a particular interest of the author was to determine how
molecular composition and structure can influence the formation of mesophase in
carbonaceous oligomers. The work presented in this dissertation was envisioned with said
motivation. Thus, the specific objectives of this PhD project were as follows:
1. Isolate via SCE high-purity oligomeric fractions from M-50 pitch.
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2. Fractionate a pyrene pitch produced catalytically with AlCl3 into its constituent
oligomers via SCE.
3. Identify the molecular structures of the main dimeric species of pyrene pitches
produced both catalytically and thermally.
4. Molecularly characterize, via MALDI mass spec and UV-vis/fluorescence
spectroscopy, pure trimer oligomer fractions from both M-50 pitch and
catalytically polymerized pyrene pitch; determine the mesophase content in those
fractions.
The work performed to achieve these objectives is presented in Chapters 2-6 as
follows:
Chapter 2, Isolating Petroleum Pitch Oligomers via Semicontinuous Supercritical
Extraction, was a collaborative research effort between Sourabh Kulkarni and this author.
The main goal of that work was to investigate the application of the semiSCE process for
producing high-purity fractions (i.e., monomer, dimer and trimer) from M-50 pitch.
These fractions would serve as oligomeric standards for analytical characterization
purposes or quantitative analysis (i.e., Kulkarni’s focus). Likewise, these results would
eventually allow this author the opportunity to analyze mesophase formation in pure M50 trimer oligomers, as discussed in Chapter 5. The work in Chapter 2 was presented by
this author at the 12th International Conference on Petroleum Phase Behavior and
Fouling (Petrophase 2011) and has been recently published in Energy and Fuels [66].
The Energy and Fuels version is included in Kulkarni’s dissertation.
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Chapter 3, Fractionation of an oligomeric pyrene pitch via supercritical
extraction. The goal of this work was to fractionate via SCE a pyrene pitch produced
catalytically with AlCl3. This was the first time a synthetic pitch produced catalytically
was fractionated by SCE. Likewise, this work introduced the use of NMP/toluene
mixtures at high temperatures and pressures as the extractive solvent for the fractionation
of a complex hydrocarbon mixture. This solvent system exhibited significant advantages
for the fractionation of pitches, including higher yields and product purities. This work
was presented at the 2012 AIChE annual meeting as an oral presentation. For that talk,
this author was awarded with a Best Presentation Award in the Developments in
Extractive Separations Session. The results have been recently published in the Journal
of Supercritical Fluids [22].
Chapter 4, Molecular structures of the constituents of pyrene pitches. The goal of
this work was to determine the molecular structures of the dimer species in pyrene
pitches produced both catalytically (with AlCl3) and thermally. This work, recently
submitted for publication in Fuel, greatly expanded Kulkarni’s work on the
characterization of pyrene pitches. By the introduction of different SCE and HPLC
methods, the author was able to isolate and identify most of the components in pyrene
pitches, most of which were not detected in Kulkarni’s work. Likewise, the structural
characterization of the constituents of a thermally polymerized pyrene pitch shed light
upon the differences between the catalytic and thermal polymerization methods.
Chapter 5, Isolation, analytical characterization, and mesophase analysis of
trimer oligomers from petroleum and pyrene pitches. The goal of this work was to
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molecularly characterize (via MALDI-MS and UV-Vis/fluorescence spectroscopy) trimer
oligomers and determine if mesophase is formed in pure trimer oligomers isolated via
SCE from both M-50 pitch and a pyrene pitch produced catalytically with AlCl 3. To the
best of the author’s knowledge, these results are the first time pure oligomeric fractions
have been isolated from carbonaceous pitches and their mesophase content evaluated.
This work was of particular relevance, considering that never before had mesophase been
observed in pure components of carbonaceous pitches. This work has just been submitted
to Carbon.
Chapter 6, Conclusions and recommendations, discusses the conclusions of this
work and recommendations for future work. The goal of this chapter is to hopefully give
Dr. Thies a good reason to pull this dissertation out of his bookshelf, dust it off, and find
inspiration for some future research ideas.
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CHAPTER 2
ISOLATING PETROLEUM PITCH OLIGOMERS VIA SEMICONTINUOUS
SUPERCRITICAL EXTRACTION
Abstract
Supercritical extraction (SCE) was used for the fractionation of a representative
petroleum pitch, M-50, into its oligomeric constituents using toluene as the extractive
solvent. A small, pilot-scale column was operated in the semicontinuous/semibatch mode
under a linear positive temperature gradient of 380 to 330 °C from the top to the bottom
of the column and over a pressure range of 15 to 75 bar. This SCE column was used to
produce high-purity monomer, dimer, and trimer fractions of M-50 suitable for use as
molecular standards for petroleum pitches and for polycyclic aromatic hydrocarbon
(PAH)

oligomers.

During

the

experimental

runs,

Matrix

Assisted

Laser

Desorption/Ionization (MALDI) mass spectrometry was used to monitor in real time the
progress of the separation (and oligomeric purity) by performing rapid analyses of the
molecular weight (mol wt) distributions (MWDs) of the overhead fractions being
collected. These real-time analyses provided us with the ability to fine-tune in-situ the
operating conditions according to the separation desired. The separation of petroleum
pitches and other heavy fossil fuels into narrow mol wt fractions by semicontinuous SCE
has proven to be an invaluable first step in the isolation and structural characterization of
the individual species present in these multicomponent, poorly defined systems.
Furthermore, these molecular standards are also suitable for quantitative analysis.
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Introduction
Petroleum pitches are generally produced by the thermal polymerization of heavy
liquid refinery by-products such as aromatic decant oil, which is a by-product of the fluid
catalytic cracking (FCC) of the heavy gas oil fraction of crude oil. These pitches consist
of an oligomeric mixture of alkylated polycyclic aromatic hydrocarbons (PAHs) and
possess relatively broad molecular weight distributions (MWDs), ranging from
approximately 200 up to about 1000 Da [1, 2]. The mass spectrum of a representative
petroleum pitch, M-50, as obtained by Matrix Assisted Laser Desorption/Ionization
(MALDI) mass spectrometry (MS), is shown in Figure 2.1a. Molecular structures of
some of the predominant species present in M-50 have been recently reported by our
group [3, 4]; examples of typical monomer, dimer and trimer species that have been
identified are shown in Figure 2.1b.
Commercially available petroleum pitches, (e.g., Marathon M-50, Koppers KP100) are isotropic with melting points of ~120°C. When properly processed, they can
serve as precursors for advanced carbon materials such as cathodes for lithium ion
batteries [5], high thermal conductivity carbon fibers [6], and composites [7, 8]. As the
final properties of pitch-based carbon materials are dependent on the bulk properties of
the precursor pitch (e.g., mesophase content, melting point, viscosity, etc.), the
fractionation of the parent pitches by molecular weight (mol wt) is desirable, as it can
introduce significant changes in these bulk properties [9]. Such an approach has the
potential for producing modified precursor pitches (i.e., the products of the fractionation
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process) with optimized oligomeric distributions (and thus bulk properties) for a specific
end-product application.

Figure 2.1. (a) MALDI mass spectrum of an industrial-grade petroleum pitch, M-50. (b)
Examples of representative molecular structures for the alkylated PAH oligomers present
in M-50 are also shown.
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Despite what might be considered as a promising scenario for the future, our
current knowledge of the role that the constituent structures and MWD play on the bulk
properties is still primarily qualitative. Consequently, characterization of the pitch
precursor at the molecular level is still needed if we are to reduce processing costs and
enhance final carbon-product quality by optimization of the oligomeric distribution of the
precursor. For such molecular characterization work [3, 4] being able to produce narrow
mol wt cuts of the pitch is essential. Furthermore, for quantitative analysis work on
pitches the ability to produce via fractionation narrow mol wt cuts that can be used as
molecular standards is also highly desirable [10, 11].
To this end, our research group has developed a supercritical extraction (SCE)
technique (also known as Dense-gas extraction or DGE) for the fractionation of
petroleum pitch into cuts of controlled MWD. Two modes of operation, continuous and
semicontinuous (also called semibatch), have been reported in the literature [12, 14].
Previous work by our group has focused on producing petroleum pitch fractions in the
bulk quantities necessary for processing into carbon fibers (i.e., on the order of several
hundred grams); thus, a greater emphasis was given to continuous SCE processes [12,
14]. On the other hand, although the semicontinuous SCE (s-SCE) apparatus and its
operating procedure was previously introduced by Edwards and Thies [12], the use of this
technique to produce pitch oligomers with narrow MWDs has not heretofore been
discussed. The goal of this study, then, was to investigate the application of s-SCE for
producing narrow MWD fractions of petroleum pitch in quantities sufficient for
analytical characterization work and for quantitative analyses.
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Experimental
Materials
An isotropic petroleum pitch, M-50 (CAS: 68187-58-6), with a reported softening
point ranging from 104-124 °C, was obtained from Marathon Petroleum Company LLC
(OH, USA). The MALDI mass spectrum of M-50 shown in Figure 2.1a clearly illustrates
the oligomeric nature of this pitch. This oligomeric distribution has recently been
definitely identified [3] as follows: monomer (which is in large part aromatic decant oil,
the starting material for producing petroleum pitches [3, 15]) 202-390 Da; dimer 390-645
Da; trimer 645-890 Da; and tetramer 890-1120 Da.
For the generation of oligomeric standards, a partial fractionation of the M-50 was
carried out beforehand using a continuous SCE setup in order to concentrate the desired
oligomers of interest. Thus, for the production of dimer standards, the charge to our sSCE column was an 88% dimer cut (see Figure 2.2a) that had itself been isolated from
M-50 pitch by Cervo and Thies [14] using a continuous, two-column SCE process. (In
this paper, we define the purity of a given pitch fraction as the area percent encompassed
by a given oligomer under the mass spectrum curve. Thus, for example, for the dimer cut
shown in Figure 2.2a, 88 area % of the species are in the dimer mol wt range of 390 –
645 Da. Furthermore, previous work [16] has shown that area % is approximately mole
%, particularly as the area % exceeds 90%.) For the trimer standards, the charge to the sSCE apparatus was a pitch cut consisting of 66% trimer (see Figure 2.3a) produced by a
one-column, continuous SCE process; details of that operation can be found elsewhere
[16]. HPLC grade toluene (99.8% purity, CAS 108-88-3), obtained from Fisher Scientific
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(PA, USA), was used as the extractive solvent. 7,7,8,8-tetracyanoquinodimethane
(TCNQ; 98% min. purity, from TCI America (OR, USA), CAS 1518-16-7) was used as
the matrix for MALDI analysis [2, 17].

Figure 2.2. MALDI mass spectra of (a) an 88% dimer cut (previously [14] referred to as
“Dimer-Rich A”) used as the starting material for producing dimer standards; (b) a dimer
standard (100% dimer) generated by s-SCE (see Table 2.1, Fraction 4). Unless otherwise
noted, all % are MALDI area %, which is approximately equal to mol %.
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Figure 2.3. MALDI mass spectra of (a) a 66% trimer cut used as starting material for
producing trimer standards; (b) a trimer standard (96% trimer) generated by s-SCE (see
Table 2.2, Fraction 8).

Experimental apparatus and procedure
A schematic of the SCE unit used for the s-SCE operation is shown in Figure 2.4.
The apparatus consists of a 1.8-cm i.d, 2.0-m high column, with an actual packing height
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of 1.5 m; its temperature and pressure ratings are 400 °C and 200 bar respectively. As the
details of the design, construction, and process control (pressure and temperature) of this
apparatus are given elsewhere [12, 13], only the operating procedure is discussed here.

Figure 2.4. Semicontinuous SCE apparatus for producing the monomer, dimer, and
trimer standards. The “cartoon” spectra shown are based on the actual MALDI spectra for
the 66% trimer cut that was used as a starting material (Figure 2.3a), and for the trimer
standard obtained as the top product (Figure 2.3b).

For a given experimental run, the detachable bottom manifold (with a volume of ~
80 cm3) is disconnected from the rest of the column and charged with the sample to be
fractionated (i.e., M-50 or a fraction obtained thereof). The quantity of the charged
material typically ranges from 2-20 grams. Once the bottom manifold is connected back
to the s-SCE apparatus, nitrogen is purged through the solvent line and the column
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overnight. On the day of the experiment, the column is heated to the desired
temperatures, which normally takes around 2 hours. In particular, a positive temperature
gradient of 330/350/380 °C is established along the height of the column: the bottom
manifold and the bottom section of the column packing are set to 330 °C, the middle
section to 350 °C, and the top third to 380 °C (each section comprises about 1/3 of the
column height). During this heat-up process, nitrogen is purged through the column in
order to ensure that no sample oxidation takes place.
Once the set temperatures are reached in all column sections, the nitrogen purge is
stopped and the solvent flow is initiated. The dense-gas solvent (toluene for this set of
experiments) is preheated to 330 °C before entering the column and flows through the
petroleum pitch charge in the bottom manifold upon entry. Depending on the solvent
power or density (which is a function of the operating temperature and pressure), the
dense-gas solvent selectively extracts pitch species according to their mol wt. The
extracted pitch fractions are collected as top products.
The density of toluene in the vicinity of the operating temperature and pressures
used is shown in Figure 2.5 [18] and indicates how the operating pressure and
temperature can be adjusted to manipulate the dense-gas solvent density (and hence its
extractive power). For example, note in Figure 2.5 how for a given operating pressure
(e.g., 60 bar) the density of toluene (critical temperature and pressure = 318.6 °C and
41.1 bar) decreases significantly as the temperature is increased from 327 to 387 °C. Thus
if the column is operated with a positive temperature gradient, the solvent power of the
solvent decreases as one moves up the column.
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Figure 2.5. Density of toluene (Tc = 318.6 oC, Pc = 41.1 bar) at three representative
temperatures (327, 347, and 387 oC) over the range of operating pressures used for sSCE. The data used to generate this graph are from Goodwin [18].

How such a temperature gradient can improve both product selectivity (i.e.,
improved separation between oligomers) and purity can be explained in terms of column
operation as follows: when the dense-gas solvent enters the column, it has a high density
(and thus a high solvent power) at the lower temperatures (i.e., 330 °C) in the bottom of
the column. Thus, a relatively large portion of the feed pitch is extracted and dissolved in
the liquid-like dense-gas solvent. However, as the solvent flows up the column, its
solvent power continuously decreases with the increase in temperature (first to 350 °C
and then to 380 °C). This reduction in solvent power results in the precipitation of the
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heavier pitch species that were initially extracted, leading to the formation of a reflux
flow down the column that increases the purity of the species collected out the top.
Liquid reflux of a portion of the top product back down the column is also enhanced by
the use of a heated reflux finger (T = 380 °C) located above the top manifold. Cervo [16]
has shown how such a temperature gradient leads to improved selectivity, even as good
product yields are obtained.
Product collection and solvent removal
After exiting the pressure-regulating valve, the overhead fractions (i.e., top
products) are collected in sample collection jars and are continuously cooled down by a
cold-water refrigeration system. To completely remove the solvent, the collected
overhead fractions (i.e., top products) were subsequently dried in a Fisher Scientific
285A Isotemp oven overnight. The oven temperature was set to 140 °C, and nitrogen at 5
scfh (0.14 m3/h) was purged through the oven during sample drying to ensure the
complete removal of solvent.
MALDI mass spectrometry analysis
The progress of the s-SCE fractionation process was monitored by analyzing the
MWDs of the collected fractions using MALDI mass spectrometry. A Bruker Daltonics
Autoflex MALDI-TOF mass spectrometer equipped with a 337 nm nitrogen laser was
used for the MALDI analyses. The instrument was operated in the reflectron mode. The
monomeric and oligomeric ions generated during the ionization step (using a positive ion
mode) were detected with a micro-channel plate detector after a pulsed ion-extraction
(PIE) delay time of 90 ns. The target plate (denoted by ion source 1, or IS1 in the MALDI
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software) was set to 19.0 kV, while ion source 2 (IS2) was set to 16.6 kV. Voltages for
the lens and reflector were set to 9.40 kV and 20 kV, respectively. Laser powers ranging
from 20 to 35% of a maximum 110 μJ were used for the analyses. A fullerite mixture
(Sigma-Aldrich, CAS 131159-39-2) was used to calibrate the MALDI instrument before
performing the analyses. All MALDI spectra were generated with 200 laser shots. Realtime monitoring of the s-SCE fractionation process required a quick, “on-the-spot”
analysis of the samples, which were in the form of solutions. Thus, solvent-based sample
preparation [10] (vs. the slower, solvent-free method [10]) was used for MALDI
analyses. MALDI mass spectra were used to guide the adjustment of operating conditions
(i.e., operating pressure and collection time) as required. Finally, collected samples were
dried after the experiment and were again analyzed by MALDI using the more reliable
solvent-free sample preparation method.

Results and discussion
Generation of dimer standards
Recent work by Cervo et al. [16] has determined that the mass content of
monomer in M-50 pitch is around 50%. Given that complete extraction of monomer
needs to be performed before extracting the dimer species, using M-50 as a starting
material for the generation of dimer standard leads to increased experimental times and
lower yields. Thus, to minimize the duration of experimental runs and also to investigate
the ability of the s-SCE process to fractionate materials other than M-50, an alternative
starting material was selected for producing a (high-purity) dimer standard. In particular,
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an M-50-derived fraction consisting of 88% dimer was used. This pitch fraction (88%
dimer cut, previously [14] referred to as “Dimer-Rich A”) was produced from M-50 pitch
via continuous SCE by Cervo and Thies [14]. As shown in Figure 2.2a, most of the
impurities present in this fraction consisted of heavy oligomers, but small amounts of
monomer were also observed. 2 grams of the starting material were charged into the
bottom manifold and fractionated at the same positive temperature gradient previously
described. A solvent flow rate of 600 g/h of toluene was used for these experiments.
Results for the s-SCE runs for generating a dimer standard are given in Table 2.1.

Table 2.1. Selected fractions from the s-SCE experiment for generation of a dimer
standard. A solvent flow rate of 600 g/h was used for these experiments.

a
b

Selected fractions are shown for illustrative purposes.
Yield is defined as percentage of feed recovered in a given fraction

The s-SCE extraction setup was initially set to 29 bar and then operated at this
pressure for ~ 80 min in order to first remove all monomer impurities. The pressure was
then increased to 42 bar, raising the solvent density from 60 kg/m3 to 100 kg/m3 at 380
°C. A pressure of 42 bar was found to be adequate for the extraction of dimer oligomers;
however, the first fraction (i.e., Fraction 3, see Table 2.1) collected at this pressure was
not pure enough to be used as a standard, as it contained about 6% monomer. Dimer
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standard (100% dimer), such is shown in Figure 2.2b, was obtained for Fraction 4 and all
the subsequent fractions at 42 bar. 100% dimer cuts began to be obtained about 3 hours
after solvent flow had been initiated.
Generation of trimer standards
Similar to the s-SCE of dimer standards, trimer standards can be obtained by
using either M-50 pitch or a trimer-enriched fraction as a starting material. As M-50 pitch
is comprised of less than 25 wt% trimer [16], we decided to use an M-50-derived fraction
enriched in trimer as the charge to our s-SCE run. Such a fraction had been produced
earlier via continuous SCE [16] and had a trimer content of 66%, with the remainder
being comprised predominantly of heavier oligomers (see Figure 2.3a).
For the generation of trimer standards, about 5 grams of the 66% trimer fraction
were charged into the bottom manifold and fractionated under the same positive
temperature gradient previously described. The initial extraction was of the low mol wt
(i.e., dimer) impurities, starting at 62 bar for 90 min, and then increasing the pressure to
71, 73, and 75 bar, with each pressure being maintained for 60 minutes (see Table 2.2).
Such a step-wise fractionation technique was chosen in an effort to remove all dimer
impurities, while at the same time trying to minimize the amount of trimer oligomers
being extracted (and thus “lost”) during the impurity-removal step. Gradually increasing
the pressure in relatively small increments, as shown in Table 2.2, was found to be the
most efficient way of achieving a reasonable balance between good selectivities (i.e.,
good separation between the dimer and trimer) and acceptable yields. Purities were
monitored by immediately analyzing the collected sample solutions via MALDI, and
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yields were monitored by visual observation. That is, when the collected solution became
almost colorless, the pressure was increased in 2-bar increments until the sample once
again had achieved a strong color (typically orange). As shown in Table 2.2, sample
purities high enough to serve as trimer standards (i.e., 96%) were obtained at a pressure
of 79 bar. The MALDI spectrum of this trimer standard is shown in Figure 2.3b.

Table 2.2. Selected fractions from the s-SCE experiment for generation of a trimer
standard. A solvent flow rate of 600 g/h was used for these experiments.
Fraction
a

No.

Pressure
(bar)

Overhead Collection
Fraction

Time

Yield

Monomer

Dimer

Trimer

Tetramer

wt %

area %

area %

area %

area %

PDI

2

66

28

1.027

(min)

a

Feed 66%
trimer)
1

62

473

45

6

2

36

62

0

1.019

2

62

530

45

4.8

1

24

75

0

1.017

4

71

702

60

5.1

0

18

80

2

1.015

5

73

726

60

4.5

0

12

86

2

1.014

6

75

738

60

3.7

0

6

92

2

1.009

8

79

758

45

4

0

1

96

1

1.008

939

Selected fractions are shown for illustrative purposes.

Finally, we note that although thermal polymerization of the species contained in
the pitch charge can occur during s-SCE, in previous work [21] the extent of such a
reaction was found to be minimal, consuming less than 5% of the monomer present. In
this work, no evidence of significant thermal polymerization was found in either the
overhead product (i.e., the standards) or in the residue that remained in the bottom of the
column.
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Conclusions
This chapter has demonstrated how semicontinuous SCE (s-SCE) can be used to
produce oligomeric cuts of high purity from petroleum pitches of broad MWD. Because
the operating temperatures and pressures required to achieve the desired purity of a given
oligomer via s-SCE are being determined empirically at the present time, our ability to
monitor in real time the MWD of the cuts being produced via MALDI mass spectrometry
has enabled us to rapidly adjust operating conditions in order to achieve the desired
product purities.
Oligomeric cuts generated by s-SCE can be produced at a purity sufficient to
serve as molecular standards for quantitative analysis work [10, 11]. In addition, these
cuts are narrow enough in mol wt and thus contain individual species in high enough
concentrations such that the cuts serve as excellent feed materials for methods such as
high pressure liquid chromatography (HPLC) and gel permeation chromatography
(GPC), which can then be used to isolate individual species contained in these complex,
poorly defined, multicomponent mixtures [3, 4, 22].
Supercritical fractionation of heavy fossil fuels has been an active area of research
in the petroleum community, as this technique has been shown to be capable of cutting
deep into the MWD of heavy petroleum products such as bitumen, vacuum residua, and
heavy oils [23-26]. The ease of operation, the low amounts of starting material required,
and the ability to produce fractions of relatively narrow MWDs makes s-SCE an
excellent tool for enhancing our understanding of the structural chemistry of heavy
feedstocks.
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CHAPTER 3
FRACTIONATION OF AN OLIGOMERIC PYRENE PITCH VIA
SUPERCRITICAL EXTRACTION
Abstract
Semi-continuous, packed-column supercritical extraction was investigated for the
fractionation of a polycyclic aromatic hydrocarbon (PAH) pitch into its constituent
oligomers. The starting pitch had been produced by the catalytic polymerization of pure
pyrene using AlCl3. Although neat supercritical toluene (Tc = 318.6 °C; Pc = 41.1 bar)
was shown to be an effective solvent for the recovery of both monomer and dimer cuts in
high purities, higher-oligomer solubilities in toluene are notoriously low. However, the
addition of N-methyl-2-pyrrolidone (NMP) as a co-solvent enhanced oligomer
solubilities in the extractive, supercritical-solvent phase by a factor of 3, making possible
the recovery of trimer and higher oligomers. An unexpected benefit of the use of NMP is
that it was found to suppress the condensation reaction between toluene and the pyrene
oligomers – apparently by forming a Lewis acid–base complex with the AlCl3 catalyst –
that can occur in the extraction column at temperatures above 350 °C.

Introduction
Carbonaceous oligomeric pitches can be used as precursors for a variety of highperformance as well as high-volume carbon materials, including cathodes for lithium ion
batteries [1], high thermal conductivity carbon fibers [2], and carbon-fiber-based
composites [3]. These oligomeric materials can be produced from a variety of resources,
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including coal tar, petroleum by-products, and pure polycyclic aromatic hydrocarbons
(PAHs), using either thermal [4-5] or catalytic polymerization [6-9] processes.
A long-term goal of our group is to understand how the oligomeric composition
of carbonaceous pitches affects their bulk properties. In previous work with pitches
derived via thermal polymerization from the petroleum by-product decant oil, Thies and
co-workers [10-11] showed how supercritical extraction (SCE; also called dense-gas
extraction, or DGE) could be used to isolate these petroleum pitches into their respective
oligomers. The oligomeric fractions were then available for analysis using both
conventional and advanced characterization techniques [12]. Examples of information
obtained therefrom included definitive molecular structures for the dimers of petroleum
pitch [12], softening points of dimer cuts [10], and the discovery of liquid crystallinity in
trimer cuts [13].
The goal of this study was to fractionate via SCE a carbonaceous pitch produced
via the catalytic polymerization of the PAH monomer pyrene into its constituent
oligomers. Isolating the oligomers of pyrene pitch would, for the first time, provide
information about the oligomeric content of a pitch produced catalytically from pure
PAHs. The use of both neat toluene (Tc = 318.6 °C; Pc = 41.1 bar) as the SC solvent, and
the addition of N-methyl-2-pyrrolidone (NMP; Tc = 450.94 °C; Pc = 47.2 bar [14]) as a
co-solvent, was explored.
Previous work on the fractionation of carbonaceous pitches (typically carried out
prior to an analytical characterization step) has been limited primarily to (1) solvent
extraction methods, such as sequential Soxhlet extraction with the solvents benzene,
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pyridine, and quinoline [15-16] and (2) the simple separation of the pitch into solventsoluble and insoluble fractions [17]. However, as has been shown by Edwards and Thies
[18], conventional solvent extraction methods produce fractions that are still quite broad
in their molecular weight distribution (MWD). Thus, in the above-mentioned previous
work, no information about the preponderance of the various oligomers in the original
pitch was reported, and the focus was on presenting average properties for pitch fractions
isolated, versus definitive molecular structures.

Materials and methods
Materials
The pyrene oligomers fractionated in this work were produced in a pressurized
reactor by the catalytic polymerization of pyrene monomer using aluminum trichloride
(AlCl3) as the catalyst. The reaction time was one hour, and temperatures of 350-400 °C
were used in combination with a nitrogen flow system that maintained the reactor
pressure between 0 and 10 bar. No attempt was made to remove the catalyst at the end of
the polymerization process. The oligomeric nature of the pyrene pitch product is clearly
observed in the Matrix-Assisted Laser Desorption/Ionization Time-of Flight (MALDITOF or MALDI) mass spectrum given as Figure 3.1. Monomer (202 Da), dimer (400
Da), trimer (598 Da), and tetramer (796 Da) species are all observed in the starting
material to the SCE process. These backbone monomer and dimer structures were
recently identified by Kulkarni [19]; note that methyl and dimethyl versions of the
monomer and oligomers (e.g., at 216 and 230 Da and at 414 and 428 Da) were also
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detected in nontrivial quantities. ACS-grade toluene (99.8% purity, CAS 108-88-3, from
VWR) and semi grade N-methyl-2-pyrrolidone (NMP; 99.5% min. purity, CAS 872-504, from VWR) were used as the extractive solvents in our SCE process. 7,7,8,8tetracyanoquinodimethane (TCNQ; 98% min. purity, from TCI America, CAS 1518-167) was used as the matrix for MALDI mass spectrometry analyses.

Figure 3.1. MALDI mass spectrum of the oligomeric pyrene feed pitch fractionated via
semi-continuous SCE (semi-SCE). Structures shown were identified by Kulkarni [19].

Experimental apparatus and procedure
A schematic of the semi-continuous supercritical extraction apparatus (semi-SCE)
is shown as Figure 3.2. The central feature of the experimental unit is a packed column,
with an i.d. of 1.8 cm and a packed height of 1.5 m. The column is rated for operating
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temperatures and pressures up to 400 °C and 200 bar; details on the design, construction,
and process-control features of the column are given elsewhere [20-21]. The operation of
our semi-SCE process for the fractionation of oligomeric petroleum pitches, which are
conceptually similar to our pyrene pitches, has been recently reported by our group [11];
thus, only a brief description is given here.

Figure 3.2. Semi-SCE apparatus used for the fractionation of pyrene pitch into its
constituent oligomers. The pyrene pitch feed and top-product cartoons are based on
actual MALDI spectra.
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The day before an experiment, ~10 g of the starting pyrene feed pitch are charged
to the non-packed, detachable bottom section of the column, referred to as the stillpot.
The column is then re-assembled and purged overnight with nitrogen (99.99% purity).
The next day the column is heated, still under purge, to the desired operating temperature
or temperature gradient. Once the column temperature settings are reached, the nitrogen
is turned off and solvent flow is initiated. The supercritical solvent or solvent mixture is
continuously delivered to the column at 10-15 g/min. Column pressure is maintained at
the desired setpoint and is typically increased in stepwise increments during a run in
order to extract pitch fractions of increasing molecular weight. Top products are collected
hourly and continuously condensed using cooling water. When an experiment is to be
terminated (the extraction time for a 10-g charge can last several hours), solvent flow is
stopped, and a column nitrogen purge is initiated and maintained until the column is cool.
The bottom product remaining in the stillpot is then recovered and analyzed by MALDI
to determine its oligomeric composition. The top-product composition is also determined
by MALDI.
Solvent is removed from the collected top fractions in a Fisher Scientific 285A
Isotemp vacuum oven, which is typically operated overnight at 0.3 bar and 200 °C under
a nitrogen purge of 140 L/h in order to ensure the complete removal of solvent from the
oven and an oxygen-free environment. NMP-containing samples have to undergo an
additional drying at 300 °C and 0.1 bar in a VTW series vacuum oven with OC-1
controller (Vacuum/Atmospheres Co., Hawthorne, CA) for an hour in order to remove
this less-volatile solvent (Tb = 202.1 °C). The softening points of selected pitch fractions

73

were measured with a Fisher–Johns melting-point apparatus (Thermo Fisher Scientific,
150 W). To check for the softening point, about 5 mg of powdered pitch were placed to
the previously heated pan, then pressure was applied with a spatula to see if the sample
would “smear” on the pan. The temperature at which the sample softens (i.e., it smears
readily on the pan) is reported as the softening point. Because the measurement was done
in air, a fresh, unoxidized sample was required for each test. The softening point has been
found to be reproducible to ± 2°C.
Extraction of monomer
The pyrene monomer species (Tb = 394.8 °C) are relatively volatile compared to
the oligomers and thus could be stripped off from the starting pyrene feed pitch in a
single-stage, semi-SCE unit (i.e., without column packing), using toluene as the SC
solvent/stripping agent. The temperature and pressure of the column were held constant
at 330 °C and 20 bar, respectively, and the solvent flow rate was maintained at 10 g/min.
Extraction of oligomers
For the extraction of oligomers, both neat toluene and NMP/toluene mixtures
were used as the SC solvents in our semi-SCE unit. For all experiments, the charge to the
column was the pyrene feed pitch described in the Materials section. The column was
filled with packing (1.5 m height) in order to maximize separation. A positive
temperature gradient (+ΔT) along the length of the column (i.e., 380 °C in the top, 350 °C
in the middle, and 330 °C in the bottom section) was used in order to enhance the
selectivity of the process and thus the purity of the top fractions by generating a solventdensity gradient across the column. This so-called retrograde behavior [22] induces the
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higher mol wt species extracted from the starting material to precipitate out as they flow
up the column. Pressure was also used to effect separation, with the pressure being
increased stepwise in small increments on an hourly basis.

For the toluene-based

experiments, a pressure range of 20-80 bar was used, and the pressure was increased
hourly in 3-bar increments for a total run time of 20 h. Both the positive temperature
gradient and the pressure range were selected based on our group’s previous experience
with the toluene–petroleum pitch system [10, 11].
For the semi-SCE experiments where NMP was added to the toluene as a cosolvent, we first needed to determine appropriate operating temperatures and pressures
where the solvent mixture would be present as a single phase. By fitting available vaporliquid equilibrium measurements for the toluene + NMP system at 100 °C [23] to the
Peng-Robinson equation of state [24], we obtained a kij of 0.01 for this binary. Assuming
that this kij was valid for our SCE operating temperatures, we generated the P-x-y
diagram shown in Figure 3.3. As can be seen in the figure, for our +ΔT operating
temperatures of 380-330 °C, NMP concentrations of 30 mol % or less and pressures
above 45 bar will give us a single-phase solvent.
Based on these results, we selected the following operating conditions: NMP cosolvent compositions of 15 and 30 mol %; our +ΔT operating temperatures; and a
pressure range of 55-80 bar, with the pressure initially being held constant at 55 bar for 2
h, then increased hourly in 5-bar increments, and finally held constant at 80 bar for a total
run time of 10 h. Given the tendency of NMP to oxidize at relatively low temperatures
[25], a minimum of 12-15 hours of nitrogen purging was carried out before initiating
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experiments. Finally, we remind the reader that the purpose of the above oligomer runs
was not necessarily to isolate pure oligomers at this time, but to determine whether there
existed operating conditions such that the various oligomers could be extracted.

Figure 3.3. P-x-y diagrams for the NMP-toluene system at 310, 330, 350, 380 and 440
°C generated in Aspen Plus® using the Peng-Robinson Equation of State [24] (kij =
0.01).

MALDI Mass Spectrometry Analysis
Top- and bottom-product compositions were analyzed by MALDI mass
spectrometry using a Bruker Daltonics Autoflex equipped with a 337 nm nitrogen laser.
For a better resolution, the instrument was operated in the reflectron mode. The ions
generated during the ionization step (using a positive ion mode) were detected with a
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micro-channel plate detector after a pulsed ion-extraction (PIE) delay time of 90 ns. The
target plate (denoted by ion source 1, or IS1 in the MALDI software) was set to 19.0 kV,
while ion source 2 (IS2) was set to 16.6 kV. Voltages for the lens and reflector were set
to 9.40 kV and 20 kV, respectively. Laser powers ranging from 28 to 40% of a maximum
110 μJ were used for the analyses. A fullerite mixture (Sigma-Aldrich, CAS 131159-392) was used to calibrate the MALDI instrument before the analyses. All MALDI spectra
were generated with 200 laser shots. Additional details of the MALDI analysis of
carbonaceous oligomers are given elsewhere [26-27].

Results and discussion
Extraction of monomer
Results for the monomer extraction experiments are summarized in Figure 3.4
and in Table 3.1. As shown in the MALDI mass spectrum of Figure 3.4, the separation
is complete, with no monomer remaining in the pyrene feed pitch charge (bottom
product) and no dimer or higher oligomers being detected in the top product (see inset).
As a result, we are able to determine by mass balance (monomer mass in feed = monomer
mass in top product) that the monomer content of the starting pyrene pitch is 30±1 wt %.
Note that the yield (= mass extracted/mass charged) is also this same 30%.
Extraction of oligomers using SC toluene
For the experiments where the oligomers were extracted with neat SC toluene (see
Tables 3.1 and 3.2) the extraction of dimer occurred between 40–50 bar, coinciding with
a significant increase in solvent density [28]. Furthermore, no trimer was extracted in this
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range, indicating good selectivity. Unfortunately, as shown in Figure 3.5, a new set of
peaks appeared consistent with the condensation reaction of toluene (mol wt = 92 Da)
with pyrene dimer. Apparently, the catalytic polymerization reaction is occurring
between the dimer and the toluene, as AlCl3 is still present in the feed pitch charge. The
first set of peaks are for the dimer and its mono- through trimethyl- homologs (400, 414,
428, and 442 Da), which were already present in the feed pitch, whereas the second set at
490, 504, 518, and 532 Da are for the above species with a toluene group attached.
MALDI post-source decay [19] was used to determine the structure of the dimer–toluene
species (m/z = 490 Da) shown in Figure 3.5. The 580 peak is consistent with the
reaction of dimer with two toluenes.

Figure 3.4. MALDI mass spectrum of monomer-free bottom product remaining in
column and oligomer-free top product obtained via semi-SCE of pyrene feed pitch with
toluene at 330 °C and 20 bar after 9 h. Instrument resolution is such that the MALDI
matrix signal at 204 Da would not obfuscate a 202 Da signal for pyrene.
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As the column pressure was increased to 55 bar, pyrene trimer was also extracted
in the top product, with trimer extraction continuing until SCE operation was terminated
at 80 bar. Analogous to the dimer extraction at lower pressures, trimer–toluene species at
m/z = 688, 702, and 716 Da accompanied neat trimer and its methylated homologs at
598, 612, and 626 Da (see Figure 3.6).
Table 3.1. Summary of conditions and results of the toluene-based semi-SCE
experiments for the fractionation of pyrene oligomers.
Experiment

Pressure (bar)

Monomer Stripping 20 bar, constant
Toluene-based SCE

20-80 bar,
in 3-bar intervals

Temperature (°C)
330 °C, constant
+ΔT: 330, 350, 380 °C

Extraction

Average Top-Product

Time (h) Yielda (% ) Concentrationb (g/L)
9
30%
0.7
20

51%

0.2

a

Yield is defined as (mass extracted/mass charged) x 100%.
Average concentration of the top fractions collected over the time frame of the
experiment.
b

Table 3.2. Selected fractions from the toluene-based semi-SCE experiment for the
fractionation of pyrene oligomers.

Fraction Numbera Pressure (bar) Collection Time (min) Yieldb (%)
7
41
54
1.6
9
48
56
5.2
10
51
57
6.2
11
55
59
1.8
19
80
57
1.8
a
b

Selected fractions are shown for illustrative purposes.
Yield is defined as the percentage of feed recovered in a given fraction.

Noteworthy is the fact that none of the toluene–oligomer condensation products
were detected in the pitch charge that remained in the column at the completion of the
extraction process (see Figure 3.7). This phenomenon can be explained by the fact that
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the catalytic polymerization of aromatics with AlCl3 does not occur to any measureable
extent at temperatures below 350 °C [29]; thus, the reaction would be expected to occur
only in the middle and higher sections of our SCE column. Further evidence that this
reaction does not occur at lower temperatures is provided by the complete absence of
reaction products in the recovered monomer (see Figure 3.4).

Figure 3.5. MALDI mass spectrum of top product obtained via semi-SCE of pyrene feed
pitch with toluene at 41 bar and a positive temperature gradient (+ΔT) after 6 h.

It is also important to note in Figure 3.7 that dimer is completely extracted from
the pyrene pitch feed; thus complete recovery of pyrene dimer using only SC toluene
should be possible by operating the s-DGE column at temperatures below 350 °C (such
that catalytic polymerization does not occur) and pressures of 40-50 bar (before trimer
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starts to be extracted). Finally, we can now estimate the dimer content in the original
pyrene feed pitch as follows: From Table 3.1, the yield from the s-SCE run with SC
toluene was 51%. From the monomer-extraction experiments, we know that the monomer
content is 31%. Thus, neglecting the small amount of extracted trimer and the added mass
of toluene from the toluene–oligomer species in the top-product extract, we can put an
upper bound of 20 wt % on the dimer content of the starting pyrene feed pitch.

Figure 3.6. MALDI mass spectrum of top product obtained via semi-SCE of pyrene feed
pitch with toluene at 80 bar and a positive temperature gradient (+ΔT) after 20 h.

Extraction of oligomers using SC toluene–NMP mixtures
As discussed below, difficulties in addition to the toluene–oligomer condensation
reaction were encountered with the extraction of pyrene pitch with neat SC toluene: As
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seen in Table 3.1, we were not able to extract more than ~50% of the pyrene feed pitch,
even with a final operating pressure of 80 bar, and the average concentration of oligomers
in the top-product extract (0.2 g/L) was relatively low. Note in Table 3.2 that we were
not able to aggressively extract the higher oligomers with SC toluene, as the yield/hr
dropped to less than 2% once most of the dimer had been extracted above a pressure of
51 bar. Finally, data consistent with the above results are given in Figure 3.7, which
shows how significant levels of the higher oligomers still remained in the pyrene pitch
feed at the completion of the toluene-based extraction process. Thus, the addition of a cosolvent to SC toluene was investigated, with NMP being chosen primarily because of its
successful use as a GPC solvent for polycyclic aromatic, coal-based pitches [30].

Figure 3.7. MALDI mass spectrum of bottom product remaining in column after semiSCE of pyrene feed pitch with toluene from 20 to 80 bar and a positive temperature
gradient (+ΔT) after 20 h.
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A summary of semi-SCE operating conditions and results for co-solvent mixtures
of toluene + NMP is given in Table 3.3. Here we see that yields increased significantly –
from 50 to 70%. In addition, we note that top-product concentrations averaged more than
double those obtained with toluene alone. In Figure 3.8, the MALDI mass spectrum is
given for the top product collected during the 2nd hour, using a 15 mol % NMP + toluene
mixture as the SC solvent at a pressure of 55 bar. An approximately 95% pure cut of
dimer was obtained as the top product, with trimer being the only impurity. No monomer
was observed, as it had already been extracted off during the 1st hour. In Figure 3.9, the
MALDI mass spectrum for the top product collected at 80 bar during the 6th hour, using
30 mol % NMP + toluene as the solvent, is shown. Note that significant amounts of
trimer are now being recovered in the top phase, and at much higher concentrations than
with neat toluene. Clear evidence of the increased solvent power of NMP + toluene
mixtures was also provided by two additional observations:

(1) for the first time,

tetramer was found in the top product (see Figure 3.9) and (2) at the completion of semiSCE runs with NMP + toluene mixtures, only tetramer and higher oligomers were found
in the remaining pyrene pitch charge (see Figure 3.10).
Table 3.3. Summary of conditions and results of the NMP + toluene, semi-SCE
experiments for the fractionation of pyrene oligomers.
Experiment

Pressure

Temperature

15 mol% NMP 55-80 bar, in 5-bar intervals +ΔT: 330, 350, 380 °C
30 mol% NMP 55-80 bar, in 5-bar intervals

+ΔT: 330, 350, 380 °C

a

Extraction

Average Top-Product

Time (h) Yielda (% ) Concentrationb (g/L)
10
70%
0.55
10

69%

0.65

Yield is defined as (mass extracted/mass charged) x 100%.
Average concentration of the top fractions collected over the time frame of the
experiment.
b
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Based on the above results, we believe that excellent dimer and trimer purities
(i.e., ~99%) would be possible with pressure optimization. For instance, longer extraction
times at pressures slightly below 55 bar would be suitable for extracting pure dimer.
Once the dimer had all been extracted off, the pressure could be increased to 70-75 bar,
where pure trimer could be extracted without tetramer impurity. As shown in Table 3.3,
identical semi-SCE runs were made using both 15 and 30 mol % NMP mixtures. Similar
results were obtained with both mixtures (the figures given above are a representative
cross section), so we believe that either could be used to obtain the desired oligomer
purities.

Figure 3.8. MALDI mass spectrum of top product obtained via semi-SCE of pyrene feed
pitch with 15% NMP + toluene at 55 bar and a positive temperature gradient (+ΔT) after
2 h. Note the complete absence of any toluene–oligomer condensation products.
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Referring to Figures 3.8 and 3.9, we also note a surprising result: the complete
absence of any oligomer–toluene polymerization products! Several explanations for this
phenomenon were considered, but the most likely is that the Lewis base NMP complexes
in a 1:1 ratio with the Lewis acid AlCl3, thereby severely limiting the catalytic activity of
AlCl3 with the aromatic toluene. This complexing behavior has been reported in the
literature, with the complex formed being powerful enough to dissolve polymers [31] and
to compete with reactants in the Friedel-Crafts reaction [32].

Figure 3.9. MALDI mass spectrum of top product obtained via semi-SCE of pyrene feed
pitch with 30% NMP + toluene at 80 bar and a positive temperature gradient (+ΔT) after
6 h. Note the complete absence of any toluene–oligomer condensation products.

As seen in comparing Tables 3.1 and 3.3, the presence of NMP at even the 15%
level almost triples the average solubility of the pyrene pitch oligomers in the SC solvent
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phase. Insight into why NMP improves the overall yields so much can be gained by
considering the solvent–solute interactions at the molecular level. NMP is a dipolar
aprotic solvent whose high dipole moment (4.09±0.04 D) [33] is believed to be due to the
resonance structures induced by the lone pair of electrons on the nitrogen atom [34].
Consequently, NMP exhibits a Lewis base character that makes it a good electron donor.
Solid-liquid equilibrium data for the NMP–benzene system indicates strong interactions
between the unlike molecules [35, 36]; thus, it has been proposed that this binary forms
electron acceptor–donor (EDA) complexes, with the oxygen and/or the nitrogen atoms in
NMP acting as the electron donor and the benzene aromatic structure acting as the
electron acceptor [36].
Based on the behavior of the NMP–benzene system, then, NMP–toluene and
NMP–oligomer complexes are both likely to form. We propose that the latter complex is
more dominant, as even 15 mol % NMP would be enough to complex with all of the
oligomer in solution and produce the observed dramatic increases in oligomer solubilities
compared to neat toluene (compare top-product concentrations in Table 3.1 and Table
3.3). Furthermore, if the NMP–oligomer complex were dominant, one would not expect
much of an increase in oligomer solubility with a doubling of the NMP concentration
from 15 to 30 mol %, and that is what is observed. Interactions between the NMP–
oligomer complexes and the toluene may also occur and be key to the overall enhanced
oligomer solubilization process.
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Figure 3.10. MALDI mass spectrum of bottom product remaining in column after semiSCE of pyrene feed pitch with 30% NMP + toluene from 55 to 80 bar and a positive
temperature gradient (+ΔT) after 10 h. Note the complete absence of any toluene–
oligomer condensation products.

Control of pyrene pitch properties by SCE
In the past we have demonstrated how SCE can be used in order to control the
bulk properties of oligomeric petroleum pitches [10]. Although the purpose of this study
was to demonstrate feasibility and not produce pure oligomers, these results still
demonstrate how much that bulk properties can change with oligomeric composition. To
illustrate this point, notice the dramatic changes in the softening points of the bottom
products produced in this work. The starting pyrene feed pitch shown in Figure 3.1, with
all oligomers present and containing 30 wt % monomer, has a softening point of 140 °C.
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Complete removal of just the monomer increases the softening point of the remaining
pyrene pitch (see Figure 3.4) to 218 °C, whereas complete removal of the dimer (along
with a small amount of trimer) increases the softening point of the remaining pyrene pitch
(see Figure 3.7) to 356 °C. Finally, only tetramer and pentamer oligomers remain in the
pyrene pitch charge after extraction with NMP + toluene mixtures (see Figure 3.10), and
the softening point of that material exceeds the maximum operating temperature of 420
°C for our softening-point apparatus. Softening points of the above mentioned cuts are
summarized in Table 3.4.
Table 3.4 Softening points of bottom fractions.

Sample
Pyrene pitch feed
Monomer-free cut
Dimer-free cut
Trimer-free cut

Softening Point (ºC)
140
218
356
>420

Conclusions
Semi-continuous SCE has been shown to be an effective means of fractionating
carbonaceous pitches, produced by the catalytic polymerization of pure PAHs using
AlCl3, into their constituent oligomers. The focus of this investigation was the
fractionation of pitch produced by the polymerization of pure pyrene.
By using neat toluene as the extractive solvent, both monomer and dimer fractions
of pyrene pitch can be recovered in high (~99%) purity. However, column temperatures
need to be maintained below 350 °C in order to avoid an undesirable side reaction,
namely, the formation of oligomer–toluene species via condensation reaction. Although
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trimer can also be recovered with neat toluene, solubilities are so low that extraction
times become unreasonably long. Fortunately, NMP has shown itself to be a highly
effective co-solvent with toluene, increasing pyrene oligomer solubilities in the solvent
phase by a factor of about three. Thus, recovery of pure trimer and and even tetramer
fractions from the pyrene feed pitch is now possible. An unexpected benefit of the NMP
co-solvent is that it suppresses the toluene–oligomer condensation reaction at all
temperatures investigated, apparently by forming a Lewis base–Lewis acid complex with
the AlCl3 catalyst. Based on this result, similar Lewis acid-base complexes would be
expected to form if other aprotic solvents such as N,N-dimethylsulfoxide (Tc: 456 °C, Pc:
56.5 bar) and N,N-dimethylformamide (Tc: 374 °C, Pc: 44.2 bar) are selected as cosolvents to toluene.
In summary, then, the results reported herein represent a significant step forward
for producing molecular standards of pyrene oligomer that can be used for understanding
how oligomeric composition affects the bulk properties, e.g., softening points and liquid
crystalline content, of these precursors for advanced carbon materials.
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CHAPTER 4
MOLECULAR STRUCTURES OF THE CONSTITUENTS OF PYRENE
PITCHES
Abstract
The main dimeric species present in pyrene pitches produced via both catalytic (with
AlCl3) and thermal polymerization of pure pyrene have been identified. Characterization
of these species was performed by first isolating dimer-rich pitch fractions either by
semi-continuous supercritical extraction (SCE) with N-methyl pyrrolidine–toluene
mixtures or by solvent extraction with dichloromethane. These fractions were then
separated into their individual species via reverse-phase high performance liquid
chromatography (RP-HPLC). Molecular weight and structure information of the eluted
species was obtained by a combination of matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI) and UV-vis spectroscopy. By following this
strategy, two alternant (i.e., six-membered ring) pyrene dimer isomers, 1.14,7.8dibenzoperopyrene and 1.14,10.11-dibenzoperopyrene, were found in both the
catalytically and thermally produced pitches. Non-alternant (i.e., containing a connecting
five-membered ring) pyrene dimer isomers (cyclopenta[1,2,3-cd:4,5-e']dipyrene,
cyclopenta[1,2-a:3,4,5-c'd']dipyrene, and cyclopenta[1,2-a:5,4,3-c'd']dipyrene) were also
found in both pitches. Interestingly, small amounts of methylated monomeric and
oligomeric species (e.g., methyl and dimethyl pyrene; methyl and dimethyl pyrene dimer,
etc.) were detected in the catalytically produced pitch, but were completely absent in both
the starting monomer and in the thermally produced pitch. These results indicate the main
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difference between the two polymerization methods are the AlCl3-induced methylation
reactions that occur simultaneously to dehydrogenative condensation reactions.

Introduction
Carbonaceous oligomeric pitches

are mixtures of polycyclic aromatic

hydrocarbon (PAH) oligomers and exhibit a broad molecular weight distribution (MWD),
ranging from 200 to 1600+ Da. Because of their high carbon content and their potential
for forming a liquid crystalline phase (i.e., mesophase), such pitches are attractive
precursors for high thermal conductivity (HTC) materials, such as graphite foams and
HTC carbon fibers [1,2]. These pitches can also be used to densify carbon–carbon (C–C)
composites, and in fact they are the only way to densify the thick (> 5 cm) composites
required for applications such as rocket nose cones and nozzles [3].
Significant improvements to the processes for producing advanced carbon
materials from carbonaceous pitches have eluded researchers. An understanding of the
fundamentals, beginning with the isolation and structural elucidation of the key
oligomeric species present in precursor pitches, would enable researchers to develop
molecular structure–bulk property relationships for PAH oligomers that could be used to
guide future research.
Unfortunately, significant difficulties are associated with the isolation,
quantification and molecular characterization of higher molecular weight PAH
compounds. Their low solubility, low volatility, and the lack of molecular standards all
present challenges. Significant, previous work on the characterization of large PAHs has
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been performed on the Scholl condensation of ovalene and coronene inside of catalytic
hydrocrackers via fluorescence spectroscopy and field ionization mass spectrometry [4],
the chromatographic elution behavior of peropyrene-type PAHs via reverse-phase high
performance liquid chromatography (RP-HPLC) [5], and the synthesis of PAH oligomers
of coronene and perylene via Scholl condensation [6].
In the above cases, the compounds of interest were either directly synthesized or
were relatively easy to isolate via conventional methods such as Soxhlet extraction.
However, in our case the oligomers of interest comprise the relatively complex mixture
of PAH oligomers that constitute a carbonaceous pitch. To isolate individual oligomers
for identification, then, our group has had to develop a more sophisticated separation
strategy than would normally be necessary. First, the pitch of interest is fractionated via
supercritical extraction (SCE) (also known as dense-gas extraction (DGE)) into cuts that
are essentially pure in a given oligomer. Then, individual species are isolated from these
oligomeric cuts and characterized via conventional analytical characterization techniques.
Previous work [7, 8] by our group has shown that the initial SCE step is frequently
necessary, as the broad MWD and large solubility differences present among the
constituents in pitches make impractical the analysis of the entire pitch by methods such
as GPC, HPLC, and the various mass spectrometry techniques. Recently, Esguerra et al.
[9] further improved SCE by introducing N-methyl-pyrrolidone (NMP)–toluene mixtures
as the extractive supercritical solvent, resulting in significantly higher pitch solubilities
(vs. pure supercritical toluene) and the suppression of undesirable side reactions when
residual AlCl3 catalyst was present.
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In this study, our goal was to determine the molecular structures of the key dimer
species present in two types of pitches produced via the polymerization of pure pyrene:
(1) a pyrene pitch produced via the catalytic polymerization of pyrene in the presence of
AlCl3; and (2) a pyrene pitch produced solely by the thermal polymerization of pyrene.
Of particular interest to us was whether any structural differences would be observed for
the pyrene oligomers produced via the two different processes.

Materials and methods
Materials
Pyrene (95% purity, from Sigma Aldrich, CAS 129-00-0) was used as the
feedstock for the production of a pitch both catalytically and thermally, as discussed
below. ACS-grade toluene (99.8% purity, from VWR, CAS 108-88-3) and semi grade
N-methyl-2-pyrrolidone (NMP; 99.5% min. purity, from VWR, CAS 872-50-4) were
used as the extractive solvents in our SCE process.

HPLC-grade dichloromethane

(DCM; 99.8% min. purity, from VWR, CAS 75-09-2) was used as the mobile phase for
the HPLC experiments as well as in UV-vis analysis. 7,7,8,8-tetracyanoquinodimethane
(TCNQ; 98% min. purity, from TCI America, CAS 1518-16-7) was used as the matrix
for matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI)
analysis.
Production of catalytically polymerized pyrene pitch
Catalytic polymerization of pyrene was carried out in a pressurized reactor
(reactor volume: 0.5 L) for 1 hour at temperatures of 350-400 °C, using aluminum
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trichloride (AlCl3; 98% purity, CAS 7446-70-0, from Sigma Aldrich) as the catalyst.
Two hundred grams of monomer and 15 g of catalyst were charged to the reactor. A
nitrogen flow system was used to maintain the reactor pressure between 0 and 10 bar. No
attempt was made to remove the catalyst at the end of the polymerization process. The
MALDI mass spectrum of the resulting pitch is presented as Figure 4.1.

Figure 4.1. MALDI mass spectrum of a pyrene pitch produced catalytically using AlCl3.
Monomeric structures were identified by Kulkarni et al. [8].

Production of thermally polymerized pyrene pitch
Thermal polymerization of pyrene was carried out in a pressurized reactor
(reactor volume: 0.5 L) without catalyst for 3 hours at 480 °C. Two hundred grams of
monomer were initially charged to the reactor. The pressure was kept at 10 bar, i.e.,
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above the vapor pressure of pyrene monomer at the reaction temperature (~3.65 bar), also
by the means of the nitrogen flow system described above. The MALDI mass spectrum
of the resulting pitch is presented as Figure 4.2.

Figure 4.2. MALDI mass spectrum of a pyrene pitch produced thermally. Note the
absence of methylated species.

Preparation of a catalytically produced, high-purity dimer fraction
A high-purity (99%) dimer fraction was isolated from catalytically polymerized
pyrene pitch via our semi-continuous SCE process, using a supercritical NMP–toluene
mixture as the extractive solvent. A schematic of the process is given as Figure 4.3; its
operation has been previously reported by our group [9], so only a brief description is
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given here. The central feature of the experimental unit is a packed column with an i.d.
of 1.8 cm and a packed height of 1.5 m. Details on the design, construction, and operation
of the column are given elsewhere [10, 11]. For a typical experimental run, ~20 g of
pyrene pitch was charged to a removable stillpot located at the bottom of the column. An
isothermal, low-pressure process (330 °C and 20 bar) was used as a first step to strip off
the unreacted pyrene monomer as a top product, using toluene as the extractive solvent at
a flow rate (at STP) of 0.69 L/h. No packing was used for monomer removal. The topproduct composition was then analyzed by MALDI. The bottom product that remained in
the stillpot, which comprised ~70% of the starting material and was significantly
enriched in dimer, was recovered and also analyzed by MALDI. In a second experiment,
this bottom product was re-charged back to the stillpot. This time, a 15/85 mol %
NMP/toluene mixture was used as the extractive solvent at a flow rate (at STP) of 0.69
L/h, and the pressure was maintained at 55±2 bar. Additionally, a positive temperature
gradient (+ΔT) of 330 °C (bottom), 350 °C (middle) and 380 °C (top) was set across the
column in order to enhance the purity of the extracted top fractions. A dimer fraction was
recovered as the top product and its purity determined by MALDI.
The solvent was removed from the top products in a Fisher Scientific 285A
Isotemp vacuum oven at 0.3 bar and 200 °C. The samples were typically placed in the
oven overnight, and a nitrogen purge of 140 L/h was used to ensure that the solvent
vapors were completely removed from the oven. In order to remove less-volatile NMP
(Tb = 202.1 °C), the samples underwent an additional drying at 300 °C and 0.1 bar in a
VTW series vacuum oven with OC-1 controller (Vacuum/Atmospheres Co., Hawthorne,
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CA) for an hour. The MALDI mass spectrum of the recovered, solvent-free dimer
fraction is given as Figure 4.4.

Figure 4.3. Semi-continuous SCE apparatus used for the fractionation of catalytically
polymerized pyrene pitch. Cartoons of the pyrene pitch feed and top product are based on
actual MALDI spectra.

Preparation of a thermally polymerized dimer-rich fraction
Compared to the catalytically polymerized pyrene pitch, the thermally
polymerized pitch possesses a cleaner MWD (i.e., no methylated oligomers, compare
Figure 4.1 to Figure 4.2) and exhibits a higher solubility in DCM. Because of this, an
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alternative method, quicker and simpler than SCE, could be used to produce a dimer-rich
fraction as follows: First, the unreacted monomer (i.e., pyrene) was stripped off at 200
°C and 0.1 bar in the VTW vacuum oven described above from 4 hours to overnight,
depending on the amount charged (1-5 g). The monomer-free material that remained in
the oven was then dissolved in DCM to prepare a 2 mg/mL solution. After the solution
was allowed to settle for a few hours, an insoluble phase had separated out, and the
solubles were decanted off from the insolubles. The solubles were then filtered with a
0.45-µm nylon filter (VWR, Cat. No. 28145-489). The DCM-soluble fraction was found
to be 87% pure in dimer by MALDI (see Figure 4.5). The insolubles were found by
MALDI to be composed of trimer and heavier oligomers.
MALDI Mass Spectrometry Analysis
Compositions of the top and bottom products recovered from the semi-continuous
SCE process were analyzed by MALDI mass spectrometry using a Bruker Daltonics
Autoflex mass spectrometer equipped with a 337 nm nitrogen laser.

Top-product

compositions were determined by solvent-based MALDI, and bottom products by
solvent-free MALDI.

Details on these sample-preparation techniques are given

elsewhere [12,13], as is information on the analysis of oligomeric pitches via MALDI.
The instrument was operated in the reflectron mode for enhanced resolution.

Ions

generated during the ionization step (using a positive ion mode) were detected with a
micro-channel plate detector after a pulsed ion-extraction (PIE) delay time of 90 ns. The
target plate (denoted by ion source 1, or IS1 in the MALDI software) was set to 19.0 kV,
while ion source 2 (IS2) was set to 16.6 kV. Voltages for the lens and reflector were set
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to 9.40 kV and 20 kV, respectively.

Laser powers ranging from 28 to 40% of a

maximum 110 μJ were used for the analyses. A fullerite mixture (Sigma-Aldrich, CAS
131159-39-2) was used to calibrate the MALDI instrument before the analyses. All
MALDI spectra were generated with 200 laser shots.

Figure 4.4. MALDI mass spectrum of a high-purity dimer fraction isolated via semicontinuous SCE of a catalytically polymerized pyrene pitch.

HPLC/UV-vis Analysis
Based on previous, successful work on the analysis of PAHs [14, 15, 16], a C-18,
reverse-phase column (250 mm length; 4.6 mm i.d.; particle size 4 μm) manufactured by
Restek Corp. (Pinnacle II PAH, product no. 9219475) was used for our HPLC analyses.
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A Waters 600E multisolvent delivery system (Waters Corp.) was used to run the mobilephase program. The HPLC eluent was passed through a Z-flow cell (Ocean Optics, model
FIA-Z-SMA-PEEK-LENSED, 10-mm path length). This Z-flow cell was connected to a
UV-vis spectrophotometer (Spectral instruments Model 400 Series Spectrophotometer),
which recorded the absorbance of the eluents flowing through the flow cell at a rate of 2
scans/sec.

Figure 4.5 MALDI mass spectrum of a dimer-rich fraction isolated from thermally
polymerized pyrene pitch via solvent extraction with DCM.

For the HPLC analysis of the catalytically produced dimer fraction, the sample
prepared as described in section Preparation of a catalytically produced, high-purity
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dimer fraction was dissolved in DCM at a concentration of 2 mg/mL; after a few hours of
settling time, the DCM-soluble portion was recovered and filtered using the 0.45-µm
nylon filter described above. The thermally produced dimer-rich fraction, prepared as
described in section Preparation of a thermally polymerized dimer-rich fraction, was
used for HPLC analysis without further treatment. For a given HPLC run, the filtered
solution was injected into the instrument using a 20-mL injection loop. Kulkarni et al. [8]
used a 1,2,4-trichlorobenzene (TCB)–DCM gradient as the mobile phase for the HPLC
analysis of a pyrene dimer cut produced catalytically; however, this method exhibited
relatively high baseline noise that may have hindered the detection of lowerconcentration species. In this work, then, an isocratic flow of DCM at a rate of 1 mL/min
was implemented as the mobile phase; this change essentially eliminated baseline noise
as an issue. Wavelengths of 350, 480, 495 and 520 nm, selected to facilitate the detection
of different dimer isomers, were monitored simultaneously. The detected species eluting
from the HPLC were collected in sample vials after passing through the Z-flow cell and
subsequently analyzed by solvent-based MALDI-MS. In order to collect UV-Vis spectra
of the eluting species, the runs were repeated using the full-spectrum mode, with spectra
being collected continuously at a rate of 2 scans/sec for the duration of an experiment.

Results and Discussion
Characterization of a catalytically produced dimer fraction
The oligomeric nature of the pyrene pitch produced catalytically is clearly
observed in the MALDI mass spectrum given as Figure 4.1. Monomer (202 Da), dimer
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(400 Da), trimer (598 Da), and tetramer (796 Da) species are observed as well as
methylated monomer and oligomers (e.g., methyl and dimethyl pyrene at 216 and 230
Da; methyl and dimethyl pyrene dimers at 414 and 428 Da). The reader is reminded that
MALDI response of methylated species is typically overestimated by a factor of 5-10
compared to their actual concentration in a given sample [17].
Using the above pitch as the feed, a 99%-pure dimer fraction (see Figure 4.4) was
isolated via our semi-continuous SCE process (see Figure 4.3).

Dimer purity was

calculated by counting as “dimer” both the unmethylated and methylated species at 400,
414, 428 and 442 Da. Because NMP hinders the undesirable toluene–oligomer reactions
that can occur during semi-continuous SCE (NMP forms Lewis acid–base complexes
with the AlCl3 catalyst, inhibiting side reactions [9]), the dimer was quite “clean” and did
not contain any of the by-products that have previously impacted our ability [9] to isolate
and detect species.
Before discussing the analytical characterization of the above dimer fraction, it is
useful to note the five dimer isomers of pyrene that can be formed by dehydrogenative
condensation reactions between pyrene (monomers). As illustrated in Figure 4.6, two
alternant isomers, 1.14, 7.8-dibenzoperopyrene (designated here as A-1) and 1.14, 10.11dibenzoperopyrene (A-2), and three non-alternant isomers, cyclopenta[1,2,3-cd:4,5e']dipyrene (designated as NA-1), cyclopenta[1,2-a:3,4,5-c'd']dipyrene (NA-2), and
cyclopenta[1,2-a:5,4,3-c'd']dipyrene (NA-3), can be formed by dehydrogenative,
condensation reactions of pyrene. (Non-alternant PAHs have at least one five-membered
ring in their structures, while alternant PAHs contain only 6-membered rings.) The
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creation of these isomers during the pyrolysis of pyrene was proposed by Sarofim and coworkers [18, 19]. Reference UV-vis spectra for the alternant pyrene dimer isomers are
available in the literature [20]; however, to the best of our knowledge no reference data
are available for the non-alternant pyrene dimer isomers.

Figure 4.6. Pyrene dimer isomers (mol wt = 400 Da) that can be produced by
dehydrogenative, condensation reactions of pyrene: the alternant isomers (a) 1.14, 7.8Dibenzoperopyrene (A-1) and (b) 1.14, 10.11-Dibenzoperopyrene (A-2); the nonalternant isomers (c) Cyclopenta[1,2,3-cd:4,5-e']dipyrene (NA-1), (d) Cyclopenta[1,2a:3,4,5-c'd']dipyrene (NA-2), and (e) Cyclopenta[1,2-a:5,4,3-c'd']dipyrene (NA-3).
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HPLC and MALDI-MS Analyses
HPLC analysis of the 99%-pure dimer fraction (see Figure 4.4) is presented in
Figure 4.7.

As observed in the chromatogram, the most prominent species were

collected in the following retention-time intervals: 2.5-5, 12-14.5, and 26-30 min (when
following the 350-nm wavelength); 9-10 min (see 520 nm); and 21-23.5 min (see 495
nm). The molecular weights of these five eluents were all determined to be 400 Da as
determined by MALDI mass spectrometry, providing strong evidence that all possible
dimer isomers, that is, the 2 alternant and 3 non-alternant, are formed upon the catalytic
polymerization of pyrene. (For example, the MALDI mass spectrum of the 12-14.5 min
eluent is presented as Figure 4.8). However, the MALDI spectrum of the species eluting
between 2.5 and 5 min (Figure 4.9) reveals an abnormally high peak at 402 Da (28% of
the 400 Da peak height) – significantly higher than the 6% that occurs for the isotope of
the 400-Da species. This observation suggests the presence of at least one bipyrene
isomer of molecular weight 402 Da (i.e., two pyrene monomers linked by a single C-C
bond). Bipyrenes in the pitch would be consistent with the mechanism proposed by
Mukherjee et al. [18] for the pyrolysis of pyrene (i.e., pyrene-monomer radicals react to
form bipyrene isomers; the bipyrenes subsequently undergo dehydrogenative reactions to
produce alternant and non-alternant dimers). However, we did not identify any bipyrene
isomers; thus, we have no evidence to confirm their presence either in the dimer fraction
or in the whole pyrene pitch.
In addition to the five pyrene dimers, molecular weights consistent with pyrene
trimer and methylated trimers (598, 612, and 624 Da), peropyrene (327 Da), and
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methylated A-1 dimer (414 Da) were assigned by MALDI to the species eluting in the
retention-time intervals 5-7 min, 7.5-9 min, and 10-11.5 min, respectively (see Figure
4.7; MALDI spectra not shown).

Figure 4.7. HPLC chromatogram for a catalytically produced dimer fraction.
Wavelengths of 350, 480, 495, and 520 nm were simultaneously monitored. Reported
molecular weights are from MALDI.

UV-vis analyses
To unambiguously confirm the identity of the species isolated from the 99%-pure dimer
fraction via HPLC (see Figure 4.7), UV-vis spectra collected under the full-spectrum
mode were compared with reference spectra. As shown in Fig. 4.10, the species eluting at
8.0 min (taken as the center of the peak) is readily identified as peropyrene (327 Da), and
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those eluting at 9.5 and 22 min (Figures 4.11 and 4.12, respectively) are readily
identified as the alternants A-2 and A-1, respectively. The methylated species detected in
Figure 4.13 at 10.5 min is identified as a methylated version of the A-1 isomer, based on
the bathochromic shift in its spectrum relative to its parent species [14, 21]. DCMinduced wavelength shifts vs. the reference spectra [22] are observed in the collected
spectra.

Figure 4.8. MALDI mass spectrum of the HPLC eluent collected between 12 and 14.5
min (NA-2) for a 99%-pure, catalytically produced dimer fraction. The 400-Da peak
indicates the presence of a dimer isomer.

The UV-vis spectra of the species that eluted in the retention-time intervals of 2.55 min, 12-14.5 min and 26-30 min are presented as Figure 4.14.
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As previously

discussed, the molecular weight of these eluents was found to be 400 Da by MALDI.
Because the alternant dimers were already identified above, these spectra must
correspond to the three non-alternant pyrene dimer isomers NA-1, NA-2, and NA-3 given
in Figure 4.7. Available UV-vis spectra for PAHs in the fluoranthene family [20] (i.e.,
non-alternant PAHs with a single 5-membered linking unit) all have the absorption
pattern seen for our three non-alternant dimers, with intensities in the 330-400 nm region
typically being higher than those in the 430-510 nm region (see insert in Figure 4.14).
Taken together, the above observations provide strong evidence that the three spectra
shown in Figure 4.14 are indeed the three non-alternant dimers of interest.

Figure 4.9. MALDI mass spectrum of the HPLC eluent collected between 2.5 to 5 min
(NA-1) for the same dimer fraction. The peak at 402 Da could indicate the presence of at
least one bipyrene isomer.
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Figure 4.10. UV-vis spectra of peropyrene (continuous line), collected at retention time
8.5 min from 99%-pure, catalytically produced dimer. The reference standard (dotted
line) was reported by Clar [20]

Figure 4.11. UV-vis spectra of 1.14, 10.11-dibenzoperopyrene (A-2; continuous line),
collected at retention time 9.5 min from 99%-pure, catalytically produced dimer. The
reference standard (dotted line) was reported by Clar [20].
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Figure 4.12. UV-vis spectra of 1.14, 7.8-dibenzoperopyrene (A-1; continuous line),
collected at retention time 22 min from 99%-pure, catalytically produced dimer. The
reference standard (dotted line) was reported by Clar [20]

Figure 4.13. UV-vis spectra of methylated 1.14, 7.8-dibenzoperopyrene (continuous
line), collected at retention time 10.5 min from 99%-pure, catalytically produced dimer.
The reference standard shown is that of A-1 (dotted line) and was reported by Clar [20].
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Figure 4.14. UV-vis spectra of the eluents collected from catalytically produced 99%pure dimer from 2.5-5 min (NA-1 isomer, blue continuous line); 12-14.5 min (NA-2
isomer, black, long-dashed line); and 26-30 min (NA-3 isomer, red, dotted line). Shown
as an inset is a typical reference spectrum for a member of the fluoranthene family of
PAHs (2,3-benzonaphtho-(2’.3’:11.12)-fluoranthene, adapted from Clar [20]).

With no reference spectra available for the non-alternant dimers, we used the
order of elution given in Figure 4.7 for their identification. In particular, PAH isomers
have been shown to elute in order of increasing maximum L/B ratio [23]. Even though
the elution behavior of large PAHs in RP-HPLC can depend upon several different
factors (e.g., molecular size and shape, solute-solvent interactions, etc.) [5, 24], the L/B
ratio approximation has been successfully used for the HPLC analysis of pyrenepyrolysis [18] and anthracene-pyrolysis [23] products on a C-18 column. Thus, using
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both geometric-structure techniques (i.e., drawing rectangles enclosing the PAH
structures) [18, 23] and density functional theory to calculate the maximum L/B, the
elution order for the five pyrene dimers shown in Figure 4.6 was determined. The
assigned identities of NA-1, NA-2, and NA-3 are given in Figure 4.7.

It was

encouraging to find that our elution-order predictions for the alternant isomers A-1 and
A-2 were in agreement with experiment.
Characterization of thermally produced dimer fraction
The MALDI mass spectrum of the pyrene pitch produced thermally, that is, in the
absence of catalyst, is presented as Figure 4.2.

Although this product exhibits an

oligomeric distribution similar to that of the catalytically produced pyrene pitch (see
Figure 4.1), the thermally produced material is free of methylated species.
HPLC and MALDI-MS analyses
HPLC analysis of the thermally produced, 87%-pure dimer fraction (see section
Preparation of a thermally polymerized dimer-rich fraction) is presented as Figure 4.15.
The molecular weights of the species collected at retention times of 2-5 min, 9-11 min,
13-16 min and 23.5-27 min were all determined to be 400 Da by MALDI mass
spectrometry and eluted at retention times similar to those observed for four of the pyrene
dimers present in catalytically polymerized pyrene pitch (see Figure 4.7), suggesting that
these species are also pyrene dimer isomers. A pyrene trimer (mol wt = 598 Da, 6-7 min
retention time) was also identified by MALDI. No methylated species were detected,
which is consistent with the MALDI mass spectrum of the starting material. As was the
case for the catalytically produced pitch (see Figure 4.9), the MALDI spectrum for the
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peak at 2-5 min indicates that bipyrene isomer (402 Da) may have co-eluted with the
pyrene dimer (400 Da). However, we cannot confirm the presence of bipyrene, as it was
not isolated for identification.

Figure 4.15. HPLC chromatogram for a thermally produced dimer fraction. Wavelengths
of 350, 495 and 520 nm were simultaneously monitored. Reported molecular weights are
from MALDI.

UV-vis analyses
The pyrene dimers collected at retention-time intervals of 9-11 and 23.5-27 min
were unambiguously identified as the two alternants A-2 and A-1, respectively, by
matching their UV-vis spectra collected in the full-spectrum mode with reference spectra
[20]. Consequently, the two remaining 400-Da species must be non-alternant dimer
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isomers. Comparing retention times at 350 nm in the HPLC chromatograms for the
catalytically polymerized (Figure 4.7) and thermally polymerized (Figure 4.15) dimers
strongly suggests that the non-alternants NA-1 and NA-2 are also present in the thermally
polymerized pitch at 2-5 and 13-16 min. The excellent match between the UV-vis
spectra of the non-alternants NA-1 and NA-2 produced catalytically with those produced
thermally (illustrated in Figure 4.16 with NA-2) confirms that these two dimers are
identical. Thus, all four dimer isomers produced thermally are identical to four of the
isomers produced catalytically: A-1, A-2, NA-1, and NA-2.

Figure 4.16. Normalized UV-vis spectra of the NA-2 isomer produced both thermally
(continuous line) and catalytically (dotted line). All four dimer isomers produced
thermally are identical to four of the isomers produced catalytically.
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Conclusions
The key dimeric species present in pitches produced by either catalytic (with
AlCl3) or thermal polymerization of pyrene have been identified. For the catalytically
produced pitch, multistage supercritical extraction (SCE) with a novel solvent mixture
that suppresses undesirable side reactions induced by the catalyst was used to produce
cuts 99% pure in the dimer fraction of interest.

These fractions then served as

concentrated, impurity-free feeds to an HPLC system, where separation into the various
dimer isomers was achieved. For the thermally produced pitch, conventional solvent
extraction was used to concentrate the dimer fraction. By using these approaches, both
alternant (i.e., containing only 6-membered rings) and non-alternant (containing at least
one 5-membered linking ring) pyrene dimer isomers were found in both pitches.
Four of the five dimer isomers identified were present in both pitches. Further
study would be required to determine whether the missing non-alternant dimer in the
thermally polymerized pitch is truly not present -- or was inadvertently missed because
the SCE purification technique was not used prior to HPLC analysis.
The most significant difference between the pitches was the presence in the
catalytically polymerized pitch of methylated pyrene and dimer species. As methylated
species were completely absent in both the feed pyrene and in the thermally produced
pitch, methylation must be being promoted exclusively by the AlCl3 catalyst. Further
studies would be required to propose the most likely mechanism for this reaction.
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Additional discussion
MALDI identification of HPLC eluents
The MALDI mass spectra for the dimer isomers A-2, A-1 and NA-3, and for the minor
species peropyrene and methyl A-1 are shown below in Figures 4.17 - 4.21; all these
species were isolated by HPLC from catalytically produced pyrene pitches. The MALDI
mass spectra for NA-2 and NA-1 isomers in catalytically polymerized pyrene pitch were
given as Figures 4.8 and 4.9, respectively. Additionally, the MALDI mass spectrum for
NA-1 isomer from thermally polymerized pitch is given as Figure 4.22. The equivalent
spectrum for NA-1 in catalytically polymerized dimer fraction was given as Figure 4.9.
In Figure 4.22, similarly to Figure 4.9, a 402 Da peak that could correspond to bipyrene
is also observed (compare to Figure 4.9). However, as discussed in the text, these
bipyrenes were not isolated, so their presence could not be confirmed.

Figure 4.17. MALDI mass spectrum of 1.14, 10.11-dibenzoperopyrene (A-2) from
catalytically produced 99%-pure dimer, collected at retention time 9.5 min.
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Figure 4.18. MALDI mass spectrum of 1.14, 7.8-dibenzoperopyrene (A-1) from
catalytically produced 99%-pure dimer, collected at retention time 22 min.

Figure 4.19. MALDI mass spectrum of cyclopenta[1,2-a:5,4,3-c'd']dipyrene (NA-3) from
catalytically produced 99%-pure dimer, collected at retention time 28 min.
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Figure 4.20. MALDI mass spectrum of peropyrene (mol wt 327 Da) from catalytically
produced 99%-pure dimer, collected at retention time 8.5 min.

Figure 4.21. MALDI mass spectrum of the eluent collected from 10 to 11.5 min from
catalytically produced 99%-pure dimer. The 414 Da peak corresponds to methyl 1.14,
7.8-Dibenzoperopyrene (A-1), as confirmed with UV-vis (see Figure 4.13). The peak at
415 Da could not be identified.

122

Figure 4.22. MALDI mass spectrum of the HPLC eluent collected between 2.5 to 5 min
(NA-1) for the thermally produced dimer fraction. The peak at 402 Da could indicate the
presence of at least one bipyrene isomer (compare to spectrum in Figure 4.9). The
structure shown is of 1,5’ bipyrene.

Effect of pyrene-monomer purity on methylation reaction
The results of this work show that methylation reactions during polymerization of pyrene
occur exclusively because of the presence of the AlCl3 catalyst. As seen in Figure 4.23
the pyrene monomer used for the polymerization, of 95% purity (as reported by Sigma
Aldrich), does not exhibit the 216 Da peak that would correspond to methylpyrene.
Therefore, the formation of methylated species does not begin by reaction of
methylpyrene. However, the additional species detected in the material (e.g., 191 Da and
218 Da) were not identified in this work.
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Figure 4.23. MALDI mass spectrum of starting pyrene monomer for polymerization of
pyrene, both catalytically and thermally. Manufacturer reported purity is 95%. Notice the
absence of methyl pyrene (216 Da) species. Additional peaks were not identified.

To determine if monomer purity would have an impact on the methylation
reactions, the 95%-pure pyrene monomer was purified to 99% by Air Force researchers
(purity determined by 1H-NMR). As seen in the MALDI spectrum of this monomer,
presented as Figure 4.24, the 218 Da species are removed upon purification. The 99%
monomer was subsequently polymerized with AlCl3. The MALDI mass spectrum of that
pitch is given as Figure 4.25. Methylated species (e.g., methyl pyrene, methyl dimer)
were detected in the pitch, as they are detected in the pitch made with 95%-pure
monomer (Figure 4.1). This result implies that monomer purity may not have a
significant effect on the extent of the methylation reaction (i.e., increasing monomer
purity did not decrease amount of methylated species). Whether the methylation reactions
could be caused by either the small amount of impurities (e.g., 207 Da or 191 Da species)
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or by a ring-rupturing mechanism in the pyrene could not be concluded from these
results.

Figure 4.24. MALDI mass spectrum of a 99%-pure pyrene. The 218 Da peaks are no
longer present (compare to Figure 4.23). This high-purity pyrene was produced and
supplied by Dr. Rusty Blanski at the Air Force Research Lab (AFRL)/RQRC.

Figure 4.25. MALDI mass spectrum of pyrene pitch produced by catalytic
polymerization of 99%-pure pyrene monomer with AlCl3. As in the pitch produced with
95% pyrene (see Figure 4.1), methylated species (e.g., methyl pyrene, methyl dimer, etc)
are detected, in similar (albeit slightly different) proportions.
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CHAPTER 5
ISOLATION, ANALYTICAL CHARACTERIZATION, AND MESOPHASE
ANALYSIS OF TRIMER OLIGOMERS FROM PETROLEUM AND PYRENE
PITCHES
Abstract
Polycyclic aromatic hydrocarbon (PAH) trimmers have been isolated,
characterized, and analyzed for mesophase content from two carbonaceous pitches: a
pyrene pitch produced catalytically using AlCl3 and a petroleum pitch (M-50) produced
thermally. The trimers were isolated from the starting pitches via packed-column
supercritical extraction (SCE) using toluene and N-methylpyrrolidone (NMP)/toluene
mixtures as the extractive solvents. Matrix-Assisted Laser Desorption/Ionization Time-of
Flight Mass Spectroscopy (MALDI-MS) was used to determine composition and
molecular weight (mol wt) distribution (MWD) of the trimers. MALDI results indicate
that the pyrene pitch trimer fraction is essentially monodisperse (mol wt = 598 Da) and is
thus much more molecularly homogeneous than the M-50 trimer fraction (mol wt range =
645-900 Da). Additionally, the pyrene trimer exhibits a significantly lower degree of
methyl substitution compared to the M-50 trimer fraction. Both UV-vis and fluorescence
spectroscopy with nitromethane quenching indicate that both trimers are comprised of
both alternant (i.e., PAH structures with only 6-membered rings) and non-alternant
(structures containing 5-membered rings) species. Cross-polarized optical microscopy
revealed a fully developed liquid crystalline phase (i.e., 100% mesophase) in the pyrene
trimer fraction. To our knowledge, this is the first time that full anisotropy has been
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observed in a pure PAH containing as few as 14 aromatic rings (softening point = 290
ºC). In contrast, only partial mesophase development (i.e., 40%) was observed in the M50 trimer fraction (softening point = 330 ºC). These results indicate that both
polydispersity and molecular size play key roles in the bulk properties and mesogenic
nature of PAHs.

Introduction
Since the discovery of carbonaceous mesophase by Brooks and Taylor in the early
1960s [1, 2], researchers in the carbon community have sought to understand what
carbonaceous mesophase is in terms of its molecular structure and composition. Although
many excellent scientists and engineers have addressed this problem over the years [314], the poor solubility of the PAH oligomers comprising mesophase pitch and the
complexity of such mixtures have limited the researchers’ ability to accurately isolate,
characterize, and quantify individual oligomeric fractions and PAH species in mesophase
pitch. The formation of liquid crystalline phases in carbonaceous pitch (which is itself a
mixture of PAHs) is thermodynamically favored at certain combinations of molecular
weight (mol wt) and mixture composition [10]. However, the quantitative effect of
factors such as molecular weight and structure, polydispersity, and oligomeric
composition on mesophase formation in carbonaceous pitches is still essentially
unknown.
To the best of our knowledge, there are only a few examples of work directly
addressing the effects of molecular composition and structure on the development of
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mesophase. For instance, Lewis and Kovac [3] reported that pure PAHs of up to 10
aromatic rings (i.e., up to molecular weights of ~ 450 Da) do not form a liquid crystalline
phase upon melting. However, based on their work on the thermal polymerization of
terrylene, the authors proposed that the dimer of terrylene (mol wt = 748 Da), with 17
aromatic rings, had the minimum molecular size needed for mesophase development.
Likewise, Greinke and Lewis [7] suggested “mer” sizes of pentamer to heptamer as the
average composition for their naphthalene- and methylnaphthalene-pitch mesophases.
Similarly, Greinke reported, based on GPC data, high mol wt PAH oligomers (i.e., ~7001100+ Da) as the average composition for their thermally produced, petroleum-derived
mesophase pitches [6]. Hurt and Hu [10] compiled both melting- point and reactiontemperature data as a function of molecular weight for pure PAH compounds. They
suggested a mesophase-formation zone encompassing 350 - 500 ºC and ~470 - 2000 Da.
PAHs in the 500-600 Da region (e.g., hexabenzene coronene, mol wt 522 Da) would
decompose before melting, bypassing the mesophase-forming region. In contrast,
smaller, lower-melting PAHs (e.g., terrylene or a pyrene dimer) would only form an
isotropic liquid phase [10]. More recently, Müllen and coworkers [15] reported on the
synthesis of pure giant PAHs, in particular hexa-peri-hexabenzocoronenes, that selfassemble into columnar liquid crystalline phases. However, these giant PAHs typically
possess much longer side chains (e.g., dodecyl) and larger aromatic cores compared to
the PAHs in mesophase pitch [16].
To help us to begin to understand the effects of factors such as molecular
structure, molecular weight, and polydispersity on mesophase formation in pitches, our
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group at Clemson has developed a strategy for the isolation and analytical
characterization of the individual constituents of carbonaceous pitches. In particular,
isolation of pure oligomeric fractions from the starting pitch is accomplished via packedcolumn supercritical extraction (SCE). These SCE-produced cuts can be further
fractionated into individual species and characterized [16-20] via chromatographic
methods, e.g., GPC and Reverse-Phase (RP) HPLC. By using such an approach, Cervo
and Thies [17] isolated a 99%+ dimer fraction, with a mol wt range of 388-645 Da, from
a petroleum pitch (M-50) produced by the heat soaking of aromatic decant oil. However,
that fraction formed a 100% isotropic phase upon melting [21]. Thus, the goals of this
work were to evaluate higher mol wt oligomers for mesogenic behavior – in particular, to
isolate, structurally characterize, and analyze for mesophase pure trimer fractions from
two representative pitches: M-50 petroleum pitch and a synthetic pitch produced by the
catalytic polymerization of pure pyrene monomer with AlCl3.

Experimental
Materials
A petroleum-derived isotropic pitch (M-50) was obtained from Marathon
Petroleum

Company LLC

and used as

received. A Matrix-Assisted

Laser

Desorption/Ionization Time-of Flight (MALDI-TOF or MALDI) mass spectrum of this
pitch is presented as Figure 5.1 (a). The oligomeric fractions in this pitch are classified
by molecular weight as follows: monomer (i.e., species in the 210-388 Da range); dimer
(388-645 Da); trimer (645-890 Da); and tetramer (890-1120 Da).
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Pyrene pitch was prepared by the catalytic polymerization of pyrene monomer
(95% purity, CAS 129-00-0, from Sigma Aldrich) in a pressurized reactor (reactor
volume: 500 mL) for 1 hour at temperatures of 350-400 °C using aluminum trichloride
(AlCl3; 98% purity, CAS 7446-70-0, from Sigma Aldrich) as the catalyst. No attempts
were made to remove the catalyst at the end of the polymerization. A MALDI mass
spectrum of this pitch is given as Figure 5.1 (b). Monomer (202 Da), dimer (400 Da),
trimer (598 Da), and tetramer (796 Da) species are observed as well as methylated
monomer and oligomers (e.g., methyl and dimethyl pyrene at 216 and 230 Da; methyl
and dimethyl pyrene dimers at 414 and 428 Da respectively), even though no methylated
pyrenes were detected in the original pyrene monomer.

Figure 5.1 (a) MALDI mass spectrum of M-50 Pitch [18]. (b) MALDI mass spectrum of
a pyrene pitch produced catalytically using AlCl3 [19].

ACS-grade toluene (99.8% purity, CAS 108-88-3, from VWR) and semi grade Nmethyl-2-pyrrolidone (NMP; 99.5% min. purity, CAS 872-50-4, from VWR) were used
as the extractive solvents in our Semicontinuous SCE (SemiSCE) process. 7,7,8,8tetracyanoquinodimethane (TCNQ; 98% min. purity, from TCI America, CAS 1518-16-
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7) was used as the matrix for MALDI analyses. HPLC-grade dichloromethane (DCM;
99.8% min. purity, CAS 75-09-2, from VWR) was used for fluorescence spectroscopy
analyses, and nitromethane (99% min. purity, CAS 75-52-5, from VWR) was used as the
quenching agent. Perylene (99% purity, CAS 198-55-0, from Sigma Aldrich) was used as
the reference standard for quenching with nitromethane for the fluorescence spectroscopy
work.
Preparation of a high-purity trimer fraction from M-50
A high-purity trimer fraction was isolated from M-50 pitch via a two-column
supercritical extraction (SCE) process, using toluene as the extractive solvent. A
schematic of the process is presented as Figure 5.2. Details of this process are given
elsewhere [18], so only a brief description is given here. The 2-column process begins
with the removal of monomer and dimer from the starting pitch via continuous SCE in
order to produce a material concentrated in trimer and heavier oligomers. In a separate
experiment, the dimer-free material is further fractionated in the Semicontinuous SCE
(SemiSCE) mode, starting at 55 bar; the pressure is then increased stepwise to 80 bar in
hourly, 2-bar increments. Increasing pressure stepwise in narrow increments was found to
maximize oligomeric-fraction purity [18]. Using the above procedure, we achieved a
sharp separation between trimer and tetramer fractions and obtained trimer fractions of
purities up to 97% (by MALDI) at a column pressure of 70 bar and a positive temperature
gradient (+ΔT) throughout the column of 330°C (bottom), 350°C (mid-section), and
380°C (top) [18]. Top- and bottom-product oligomeric compositions were determined by
MALDI-MS.

131

Figure 5.2. Two-column supercritical extraction (SCE) process for producing pure trimer
fractions from M-50 pitch. The M-50 pitch feed and top- and bottom-product cartoons are
based on actual MALDI spectra [18].

Preparation of a high-purity trimer fraction from catalytically produced pyrene pitch
Pyrene pitch oligomers exhibit relatively low solubilities in supercritical toluene
compared to M-50 pitch oligomers. In recent work [19], we showed that using NMP as a
cosolvent with toluene for the fractionation of pyrene pitch via SCE increased oligomer
solubility by a factor of 3 vs. neat toluene. A schematic of the SemiSCE process for
producing pyrene trimer oligomers is given as Figure 5.3. The detailed operation of this
process for the fractionation of pyrene pitch has been recently reported by our group [19],
so only a brief description of the process is given here. The isolation of trimer oligomers
begins with the removal of the unreacted monomer and the dimer oligomers from the
starting pitch [19]. In a subsequent experiment, the resulting dimer-free material is
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charged into the column, and the trimer oligomers are recovered as the top product using
a 15 mol% NMP/toluene mixture as the extractive solvent at a flow rate of 600 g/h (i.e.,
690 mL/h delivered at ambient temperature), and a pressure of 70 bar +/- 2 bar. A
positive temperature gradient (+ΔT) of 330 °C (bottom), 350 °C (middle section) and 380
°C (top) is set across the column in order to enhance the purity of the top fractions. The
composition of the fractions collected is determined by MALDI-MS. Additional details
on the design, construction, and process-control features of the equipment are given
elsewhere [17, 22]. The aluminum content of bottom fractions (for AlCl3-content
analysis) is determined gravimetrically after burning the samples at 550°C for 24 hours.

Figure 5.3. Semi-SCE apparatus used for producing pure trimer fractions from
catalytically polymerized pyrene pitch. The pyrene pitch-feed and top-product cartoons
are based on actual MALDI spectra [19].
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Solvent removal
Solvent removal (particularly NMP) from top-product samples is critical to ensure
that no solvent-induced effects interfere with mesophase analysis. The solvent is removed
from the top products in a Fisher Scientific 285A Isotemp vacuum oven at 0.3 bar and
200 °C. The samples are typically placed in the oven overnight, and a nitrogen purge of
140 L/h is used to ensure solvent vapors are completely removed from the oven. In order
to ensure the less-volatile NMP (Tb = 202.05 °C) has been completely removed, the
samples undergo an additional drying at 300 °C and 0.1 bar in a VTW series vacuum
oven with OC-1 controller (Vacuum/Atmospheres Co., Hawthorne, CA) oven for an
hour.
MALDI mass spectrometry analysis
Composition of SCE-produced fractions was determined by MALDI mass
spectrometry using a Bruker Daltonics Autoflex mass spectrometer equipped with a 337
nm nitrogen laser. For a better resolution, the instrument was operated in the reflectron
mode. The ions generated during the ionization step (using a positive ion mode) were
detected with a micro-channel plate detector after a pulsed ion-extraction (PIE) delay
time of 90 ns. The target plate (denoted by ion source 1, or IS1 in the MALDI software)
was set to 19.0 kV, while the ion source 2 (IS2) was set to 16.6 kV. Voltages for the lens
and reflector were set to 9.40 kV and 20 kV, respectively. Laser powers ranging from 28
to 40% of a maximum 110 μJ were used for the analyses. A fullerite mixture (SigmaAldrich, CAS 131159-39-2) was used to calibrate the MALDI instrument before the
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analyses. All MALDI spectra were generated with 200 laser shots. Details on MALDI
sample preparation and analysis of oligomeric pitches are given elsewhere [23, 24].
Fluorescence Spectroscopy analysis
For spectroscopic analyses, both M-50 and pyrene trimer samples were dissolved
in dichloromethane (DCM) at a concentration of 0.1 mg/mL. After a few hours of settling
time, the insolubles were decanted from the solution. The soluble fraction was then
filtered using 0.45-µm nylon filters (from VWR, catalog number 2814145-489) prior to
acquiring spectra. Fluorescence spectroscopy analyses were performed in

a

QuantaMaster™ 400 spectrofluorometer. The emission spectra were recorded with an
excitation wavelength of 320 nm (selected based on UV-vis data).

Nitromethane

quenching was performed by recording the emission spectra (excitation wavelength: 320
nm), using a solution of 5 vol% nitromethane in DCM for the spectral analysis.
Softening-point measurements
The softening points of trimer fractions were measured with a Fisher–Johns
melting-point apparatus (Thermo Fisher Scientific, 150 W). To check for the softening
point, about 5 mg of powdered pitch were placed on the previously heated pan; then
pressure was applied with a spatula to see if the sample would “smear” on the pan. The
temperature at which the sample softens (i.e., smears readily on the pan) is reported as the
softening point. Because the measurement was done in air, a fresh, unoxidized sample
was required for each test. The softening point has been found to be reproducible to ±
2°C.
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Mesophase analysis
The M-50 trimer and pyrene trimer fractions were analyzed for mesophase using
cross-polarized optical microscopy. Prior to polishing and optical-microscopy analysis,
both samples were heat-conditioned at 350 ºC under nitrogen for 3 hours. Such a
temperature (at the lower limit of Hurt and Hu’s mesophase window [10]) and time were
selected to induce molecular mobility and reduce sample viscosity (i.e., to maximize
mesophase-development potential) without introducing external effects such as thermaldecomposition or polymerization reactions. The following procedure was used: dried
trimer samples were finely ground using a mortar and pestle. Subsequently, a Differential
Scanning Calorimetry (DSC) sample pan was filled with a few milligrams of ground
material and partially covered with a DSC lid. The pan was then placed in a VTW series
vacuum oven with OC-1 controller; before starting the heaters, the oven was flushed 3
times using a nitrogen and vacuum (0.1 bar) cycle to ensure an inert atmosphere during
heat treatment. The pressure in the oven was then set to about 1 bar. MALDI analyses
were performed on the samples before and after conditioning treatment to determine
chemical stability; also, the sample mass was recorded before and after treatment. Upon
heat conditioning, samples in the DSC pans were embedded in an epoxy resin. Once
hardened, the samples were polished under a continuous stream of cold water using a
series of SiC papers from 240 to 1200 grit. Final polishing was achieved by using a 0.05μm ceria. The resultant polished sections were analyzed for mesophase by reflected
polarized-light microscopy with crossed polarizers. A sensitive tint retardation plate was
used to define the mesophase-layer orientations.
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Results and discussion
Molecular weight distribution (MWD) and composition analyses via MALDI-MS
The MALDI mass spectrum of the 97%-pure trimer fraction produced via 2column SCE is presented as Figure 5.4. Likewise, the MALDI mass spectrum of the
pyrene trimer fraction, produced via SemiSCE with an NMP-toluene mixture as the
extractive solvent, is given as Figure 5.5. The hot-plate softening points for the dry M-50
trimer and the pyrene trimer samples were determined to be 330 °C and 290 °C,
respectively.

Figure 5.4. MALDI mass spectrum of an M-50 trimer fraction isolated via two-column
SCE. Selected methylated species (mol wts 730 and 754 Da) are indicated with red
squares. Their non-methylated parent species (mol wts 674 and 698 Da respectively) are
indicated with blue circles. Representative structures for the selected peaks were given by
Burgess and Thies [16].
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Figure 5 MALDI mass spectrum of pyrene trimers produced catalytically with AlCl3 and
isolated via SemiSCE, using a 15% NMP-toluene mixture as the extractive solvent.

As would be expected because the starting material for M-50 pitch is a
polydisperse decant oil [25], the M-50 trimer has a broader MWD. Also notice that the
pyrene trimer is located at the lower end of the M-50 trimer range (i.e., near the 600-to650-Da region). Nevertheless, the monodispersity of the pyrene trimer fraction is still
surprising when compared to the mass spectra of other pitches produced catalytically
from pure components, such as napthatalene [11]. As was shown by Burgess and Thies
[16, 25] and is confirmed here, most of the monomer units in M-50 pitch are larger than
pyrene (e.g., methylated pyrenes, benzo[a]pyrene, and chrysene).
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MALDI-MS analysis also serves to determine the extent of methylation in the
samples, based on peak intensity. Burgess and Thies [16] identified multi-methylated
trimer oligomers in M-50 pitch (e.g., the species of molecular weights 730 and 754 Da
shown with red squares in Figure 5.4). Further inspection of this MALDI mass spectrum
reveals that the peak intensities of what would correspond to the non-methylated parent
species (e.g., the species of molecular weight 674 and 698 Da) are almost negligible
compared to those of the methylated oligomers. This low content of non-methylated
species is consistent with their low concentration in aromatic decant oil, the starting
material for M-50 pitch [25]. Referring to the pyrene trimer spectrum in Figure 5.5, the
species of molecular weights 612 and 626 Da correspond to methyl and dimethyl pyrene
trimers respectively. Although the ratio of peak intensities for methylated vs. nonmethylated species in the pyrene trimer fraction is estimated at ~1:3, the reader is
reminded that the MALDI intensities of methylated species are typically overestimated
by a factor of 5-10 compared to their actual concentration in a sample [26]. Thus, the
pyrene trimer shown is actually ~ 95% or greater pure with respect to being composed of
pyre pyrene units.
Mesophase analysis
Cross-polarized optical microscopy micrographs for the pyrene trimer and M-50
trimer fractions are presented as Figures 5.6 and 5.7 respectively. In either sample, no
changes in composition upon heat treatment (e.g., by polymerization) were detected by
MALDI-MS. Additionally, both pyrene and M-50 trimer samples were found to be
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thermally stable, as the average weight loss was less than 1% upon heat treatment. As
seen in as Figures 5.6 and 5.7, bulk mesophase is clearly observed in the samples.

Figure 5.6. Cross-polarized light photomicrograph of the pyrene trimer produced
catalytically with AlCl3. A fully developed liquid crystalline phase (i.e., 100%
mesophase) is observed, with large mesophase domains mixed with a fine mosaic texture.
No signs of flow-induced orientation are detected.
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Figure 5.7. Cross-polarized light photomicrograph of the M-50 trimer. Partial mesophase
development is observed. Also, note how large, amorphous domains have coalesced, yet
remain isolated from each other by the isotropic phase. Likewise, minor flow-induced
orientation is detected.

Color identification for mesophase-layer orientation in Figures 5.6 and 5.7 is as
follows: mesophase layers in the north east-south west direction (//) appear blue, the
layers in the northwest-south east direction (\\) appear yellow, and those in both north-
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south and east-west directions appear magenta. Isotropic regions also appear magenta.
Analysis of the pyrene trimer photomicrograph (Figure 5.6) reveals a fully developed
liquid crystalline phase (i.e., 100% mesophase) in which large mesophase domains
combined with a fine mosaic texture are observed. No signs of flow-induced orientational
effects are detected, which is consistent with the unsheared nature of the sample. To our
knowledge, this is the first time that full mesophase development has been observed in a
pure PAH with molecular weight as low as 598 Da; we also note that the softening point
is also quite low, that is, 290 ºC. Pyrene trimer, a 14-aromatic-ring PAH structure, is
smaller than the dimer of terrylene (with 17 aromatic rings), which Lewis and Kovac [3]
previously identified as the lowest mol wt PAH for which mesophase formation had been
observed. However, it is important to note that Lewis and Kovac made no attempt to
determine the oligomeric composition of the pitch that they produced via thermal
polymerization of terrylene. For instance, we know from Flory’s most probable
distribution for condensation polymers [27], that the pitch would still contain significant
amounts of monomer, and trimer may have also been present.
In addition, the fully coalesced mesophase microstructure of pyrene trimer
suggests a low content of catalyst remaining in the top product (Marsh reported catalyst
particles may act as a pseudo nucleation sites for the growth of mesophase spheres,
affecting the mesophase microstructure [28]). This observation is consistent with
aluminum-content analysis of the product remaining in the bottom of the SCE column
after processing showed that ~95% of the catalyst remains in the product left in the
bottom column.
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In contrast, the M-50 trimer photomicrograph (see Figure 5.7) reveals only partial
mesophase development and a different microstructure. Note that the mesophase domains
in M-50 trimer have not fully coalesced; instead, Brooks-and-Taylor-like spheres have
coalesced into bigger, amorphous domains, yet most of such domains remain isolated
from each other by the isotropic phase. The mesophase content in this sample is
estimated at 40%. Nevertheless, to our knowledge, this is the first time partial mesophase
formation has been observed in a petroleum-derived pitch fraction consisting only of a
distribution of a single oligomer.
Structural characterization
A key goal of this work was to obtain information on the structural characteristics
of mesophase-forming M-50 and pyrene trimer oligomers. In recent work, Esguerra et al.
[20] identified, via HPLC, UV-vis spectroscopy and MALDI-MS, the dimeric species in
a pyrene dimer fraction, isolated via SemiSCE from catalytically produced (i.e., with
AlCl3) pyrene pitch. The alternant dimer isomers (i.e., aromatic structures with only 6membered units) 1.14,7.8-Dibenzoperopyrene and 1.14,10.11-Dibenzoperopyrene, and
the non-alternant dimer isomers (i.e., containing at least one 5-membered linking unit),
Cyclopenta[1,2,3-cd:4,5-e']dipyrene,

Cyclopenta[1,2-a:3,4,5-c'd']dipyrene

and

Cyclopenta[1,2-a:5,4,3-c'd']dipyrene, were found [20].
In this work, we used fluorescence spectroscopy with nitromethane quenching to
determine the presence of both alternant and non-alternant isomers in the pyrene trimer
shown in Figure 5. As explained by Zander [29], an electron acceptor such as
nitromethane will selectively quench the fluorescence emission of the alternant species in
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a mixture of alternant and non-alternant PAHs. Figures 5.8 (a) and 5.8 (b) show the
unquenched and the nitromethane-quenched emission spectra of the pyrene dimer [20]
and trimer fractions respectively (both in dichloromethane, DCM). Those spectra clearly
show that both alternant and non-alternant isomers are present in the samples, although
the extent of quenching is more significant in the trimer sample.

Figure 5.8. Unquenched (continuous lines) and nitromethane-quenched (dotted lines)
emission fluorescence spectra of pyrene and M-50 fractions. Nitromethane selectively
quenches the emission of alternant isomers [29]. (a) Pyrene dimer produced catalytically
with AlCl3 [20]; (b) Pyrene trimer produced catalytically with AlCl3 (see Figure 5.5); (c)
M-50 trimer (see Figure 5.4).
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Based on Figure 5.8 (b), one could be tempted to assume that the pyrene trimer is
mostly comprised of six-membered structures; however, the reader is warned from
drawing such quantitative conclusions from the spectra without further evidence because
(1) quantitative determination of the alternant/non-alternant ratio was not attempted in
this work, (2) the spectra shown are for the DCM-soluble fractions of pyrene trimer,
which might not be representative of the entire sample in terms of isomeric distribution,
and (3) the emission spectra for the pyrene dimer fraction (Figure 5.8 (a)) show that
roughly 60% of the sample are 6-membered isomers, which is consistent with HPLC
results [20], however, HPLC studies with the pyrene trimer that would serve as an
independent confirmation of the fluorescence results were not attempted. Representative
structures for pyrene trimer species in catalytically polymerized pyrene pitch are
presented as Figure 5.9. The trimer structures shown are representative structures that
would be expected to be present, based on the previously identified alternant and nonalternant dimers [20]. Of course, trimers consisting of a mixture of 5-membered and 6
membered connecting rings would also be expected to be present. No reference data are
available for any of the possible pyrene trimer isomers.
In their work on the structural characterization of petroleum pitch oligomers,
Burgess and Thies [16] identified the presence of non-alternant PAH oligomers in M-50
pitch (e.g., two representative structures are shown as insets in Figure 5.4). In order to
determine whether alternant PAH species are also present in M-50 pitch, fluorescence
spectroscopy with nitromethane quenching was also performed on the M-50 trimer
fraction isolated in this work. The unquenched and nitromethane-quenched emission
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spectra of the M-50 trimer are presented as Figure 5.8 (c). As for the pyrene trimer, the
results unambiguously indicate that both alternant and non-alternant PAH oligomers are
present in M-50 trimer.

Figure 5.9. Examples of possible molecular structures for the pyrene trimer isolated via
SCE and shown in Figure 5. (a) 1.14, 7.8-Dibenzoperopyrene; (b) proposed alternant
pyrene trimer; (c) Cyclopenta[1,2-a:3,4,5-c'd']dipyrene; (d) proposed non-alternant
pyrene trimer. The dimer structures were unambiguosly identified by Esguerra et al. [20].

Conclusions
In this work, we have for the first time isolated a pure PAH compound, that is, a
pyrene trimer, that forms a fully developed liquid crystalline phase (i.e., 100%
mesophase). With a molecular weight of 598 Da, this is the lowest mol wt PAH species
for which the existence of mesophase has been reported. Furthermore, the softening point
is also quite low, that is, 290 ºC. This fraction was isolated via supercritical extraction
(SCE) from pyrene pitch produced catalytically. The pyrene trimer molecule, with 14
aromatic rings, is smaller than the 17-aromatic-ring dimer of terrylene (molecular weight
748 Da), which was proposed by Lewis and Kovac [3] as the species with the minimum
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size required for mesophase formation in pure PAHs. In contrast, only partial mesophase
formation was detected in the trimer cut (mol wt = 645-890 Da) of an M-50 petroleum
pitch isolated via SCE.
The fact that the pyrene trimer fraction itself is a mixture of oligomers would
explain its relatively low melting point. Based on existing data [10], a pure PAH with the
same molecular weight of our pyrene trimer fraction would have a solid-liquid melting
point of ~ 600 ºC or higher, with any region of liquid crystallinity being completely
absent. Furthermore, compared to mesophase pitches produced either from pure PAHs or
from decant oil, the pyrene trimer is essentially monodisperse. Greater than 95% of the
species are 598-Da pyrene trimer isomers, with the remainder being mostly methylated
pyrene trimer species of only 612 Da). This result indicates that pitches of broad MWD
are not a pre-requisite for mesophase formation.
Previous researchers have indicated that molecular weight (i.e., molecular size)
was the main factor affecting mesophase development in PAH oligomers [3, 6-8]. Thus,
one would have expected a priori that the higher mol wt M-50 trimer would exhibit
higher mesophase content than the smaller pyrene trimer. The contradictory results
obtained herein indicate that the large differences in molecular size that exist in pitches
produced from polydisperse decant oil tend to inhibit mesophase formation in
comparison to pitches whose constituents are of similar size and molecular weight.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
This PhD project was inspired by and built upon the work researchers in the Thies
group at Clemson University have performed on carbonaceous mesophase for over 20
years. Thus, the author’s main goal (and challenge!) was to contribute to this field in a
way that would open new research opportunities, rather than simply close a chapter.
Although it is too soon to tell if this goal was accomplished, it is the author’s best hope
and desire that exciting research ideas will continue to emerge from the group, in this and
related areas, for several years to come.
As has been mentioned previously, the motivation for this work was the lack of a
solid knowledge of the role of chemical composition (in terms of individual species and
fractions) in mesophase development in carbonaceous pitches. In particular, collaboration
with Air Force researchers opened new opportunities for studying this problem that were
not considered in the early stages of this work. Thus, considerable effort was put into
working with pyrene pitches, which were of interest to these collaborators as a model
material. Those efforts led to the main findings reported in this dissertation.
This research project was designed to approach this problem systematically by (1)
isolating key constituents (i.e., oligomers) from the starting pitch; (2) understanding
those oligomers at the molecular level (i.e., structural characterization); and (3)
evaluating the properties, in particular mesophase formation, of the oligomers.
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In Chapter 2, the isolation of pure oligomeric fractions from M-50 petroleum
pitch was reported. The particular goal of that work was to use the SemiSCE process to
produce high-purity fractions in amounts sufficient for analytical characterization
purposes. By using this process, monomer, dimer, and trimer fractions of 97%+ purity
were obtained. This was the first time the SemiSCE was used for the production of
oligomeric standards that were suitable for structural and quantitative work. For instance,
those fractions helped Kulkarni [1] develop his quantitative analysis methods for
carbonaceous pitches via MALDI-MS. Thus, the work in Chapter 2 contributed to
proving a concept the Thies group had previosuly proposed: the use of the SCE process
to separate carbonaceous pitches into oligomeric standards that could be used for accurate
molecular characterization, thus overcoming some of the long-known limitations faced
by previous researchers. Additionally, although a 100% M-50 dimer fraction had been
produced via SCE by Cervo [2], a 100% M-50 trimer fraction had never been produced
before.
In Chapter 3, the fractionation of pyrene pitches via SCE was reported. Compared
to the fractionation of M-50 pitch, the fractionation of pyrene pitch via SemiSCE using
toluene faced several limitations, including low yields and catalyst-induced side
reactions. Thus, the main contribution of the author to this field was the introduction of
N-methyl-pyrrolidone (NMP) as a cosolvent to toluene for the SCE fractionation of
pitches. NMP was selected as a cosolvent based on Professor Rafael Kandiyoti’s work [3]
at the Imperial College in London with coal-based materials. Using NMP as a cosolvent
had an overwhelmingly positive effect, with yields increasing by a factor of 3 and side
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reactions being suppressed. Of course, hindsight is always 20/20: an analysis of the
chemical characteristics of both NMP and AlCl3 and a good literature search revealed
that NMP inhibited side reactions because of the formation of Lewis Acid-Base
complexes between NMP and AlCl3. In addition, this was the first time such a solvent
system was used at temperatures as high as 380 ºC and pressures to 80 bar. The main
achievement of this work was the production of pure (i.e., 99%), pure pyrene oligomers
via SCE. The immediate impact of this result was the successful use of these oligomers
for molecular characterization and mesophase analysis, as reported in Chapters 4 and 5.
Chapter 4 was devoted to structurally characterizing pyrene dimers that had been
isolated from pyrene pitches produced both thermally and catalytically. Even though
Kulkarni had successfully characterized the monomeric fraction of pyrene pitch produced
catalytically, his HPLC analysis of the dimer fraction faced serious limitations [4]. In
particular, out of the 5 possible dimer isomers, he detected only 1. He missed the
remaining 4 isomers because of the use of a 1,2,4-trichlorobenzene(TCB)/DCM gradient
as his HPLC mobile phase, which introduced significant baseline noise. In contrast, for
this work the author decided (mostly through serendipity) not to use a gradient, but
simply an isocratic mobile phase of pure DCM, and try the HPLC analysis of the dimer
fraction again. By this approach, the 5 possible pyrene dimer isomers (2 alternant and 3
non-alternant) were all isolated and identified in the catalytically produced pitch.
Furthermore, 4 of the dimer isomers (2 alternant and 2 non-alternant) were identified in
the pitch produced thermally.
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Besides improving the analytical method for pyrene pitch characterization, the
main implication of these results is related to the types of isomers isolated from the
pitches: both alternant (i.e., with 6-membered rings) and non-alternant (i.e., with at least
one 5-membered ring) isomers were identified in pyrene pitches produced both
catalytically and thermally. Previous work [5] suggested that thermally polymerized
pitches (e.g., M-50 pitch, anthracene pitch) were comprised mainly of 5-membered
oligomers. Furthermore, the isomers in both pitches are identical, which suggests that the
overall reaction routes might be similar (e.g., condensation reactions) in both processes;
however, no specific mechanisms were proposed in this work. In addition, methylated
species were identified only in the pitch made catalytically, which indicates that the
methylation reactions occur exclusively because of the catalytic action.
Finally, in Chapter 5 trimer fractions from both M-50 and catalytically produced
pyrene pitch were characterized and analyzed for mesophase. The main result of this
work was the discovery of a fully developed liquid crystalline phase in pyrene trimer and
of partial mesophase development in M-50 trimer. Particularly, mesophase had never
been observed in a fraction as narrow as pyrene trimer and with as low a molecular
weight as pyrene trimer (i.e., 598 Da). In addition, the pyrene trimer had a relatively low
melting point (softening point 290 °C); in fact, this fraction could well be considered
almost a monodisperse material (>95% of the trimer fraction were isomers of mol wt 598
Da). This discovery has important implications from both fundamental- and appliedresearch perspectives. From a fundamental-research perspective, this result should help
us develop an understanding of the role of the different oligomers in mesophase
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formation in pyrene pitch. For example, monomer and dimer act as plasticizers, tetramer
and heavier oligomers are probably very high-melting mesogens that wouldn’t melt if
pure, and trimer is the oligomer with intermediate (and perhaps the most desirable)
properties.
Overall, the contributions of this work to the field of carbonaceous mesophase can
be summarized as follows: (1) improvements to the methods for the fractionation and
structural characterization of carbonaceous materials; (2) the structural characterization
of M-50 and pyrene pitch oligomers; and (3) the discovery of full mesophase
development at relatively low softening points in monodisperse PAH oligomers.

Recommendations
SemiSCE process
Equipment Maintenance
Equipment down-time can be frustrating and tedious, especially for the novice
(patience, my dear Padawan!). The smooth operation of the SCE process, critical for the
success of this research, is dependent upon several factors, including proper use and
periodic maintenance. Cervo [6] has excellent recommendations for SCE-unit
maintenance that should be carefully followed to ensure proper operation of the
instrument. If Cervo’s maintenance and operating procedure recommendations are
properly followed, SCE operation with petroleum pitch is relatively problem-free.
Unfortunately, this author had to deal with several new problems when he first
started working with synthetic pyrene pitches. Compared to M-50 pitch, pyrene pitch
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oligomers exhibit much narrower MWD; thus, the melting point of different fractions
being extracted can vary abruptly, as fraction composition changes during SemiSCE
operation. This situation can induce precipitation of pitch solids across the top valve (i.e.,
micrometering valve); in the micrometering valve, this precipitation eventually generates
leaks (generally on the stem side). In order to prevent this situation, this author
recommends the following: carefully pressure-testing before setting up an experiment;
properly heating the top lines and valves; checking the micrometering valve for
precipitation every few (i.e., 5-10) successful experiments (by removing and rinsing the
valve seat); replacing the micrometering valve packing if any evidence of leaking is
discovered; and keeping spare micrometering valve parts (it can take several weeks to get
new parts from the manufacturer (Fluid Flow Products Inc., SC distributors for Autoclave
Engineers)).
Cleaning the column for producing high-purity fractions
In order to obtain pure oligomeric fractions via SCE, it is necessary to clean the
column before the experiments. For instance, if dimer has been extracted and the bottom
product left in the column is only trimer+, it might be tempting to leave the bottom
product in the column and move on to the next set of conditions to extract trimer.
However, it is highly recommended to collect the bottom product and clean up the
column (by scrubbing it with a copper brush followed by solvent washes, as explained by
Cervo [6]) before moving to the extraction of the next oligomers. Furthermore, to achieve
the highest purities (99%) it is best to also change the column packing before moving to
the next set of extraction conditions. If changing the packing (and you might want to do
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it!), it is recommended, in order to maximize efficiency, to collect several grams of a
given oligomer (e.g., dimer) in multiple experiments before changing the packing,
cleaning the column, and moving on to the next oligomer. Also, the solvent washes can
be collected and analyzed by MALDI-MS. This might give additional, useful information
for the component compositions of the previous experiment.
Manual vs. automatic control
Even though having automatic control is ideal and highly desired, operating the
column manually is not difficult. If the valve is carefully operated, the pressure can be
controlled within ~25-30 psig or even better. For extracting pyrene oligomers this
situation is acceptable because the pressure intervals at which each oligomer is extracted
are relatively broad (~ ± 100 psig).
As of November 2013, the Labview-based automatic control system for the SCE
process is down. The reason for this is that the mother board of the Labview computer
stopped working and the damage was irreparable. Even though the Labview files were
recovered from the hard drive, the configuration of the Labview pressure-control program
(e.g., file hierarchy) was not saved; thus, this program, comprised of maybe hundreds of
files, could not be used from a different computer. Thus, it is imperative that backup
images of all the hard drives being used for instrument control be mantained. This is
especially important if Labview is used again for SCE process control.
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MALDI analysis
Instrument maintenance
Cervo, Burgess, and Kulkarni had warned of the bad things that can happen if
MALDI goes down. This author has experienced himself all of those bad things. Thus,
when the instrument is working properly, it is highly recommended that the ion source be
cleaned twice a year (an updated procedure is taped to the instrument side panel and is
also available in Burgess’ dissertation [7]). Also, the vacuum pump oil must be changed
at least once a year. Oil change dates are also taped to the side panel. An updated
procedure is on the side panel and in Burgess’ Dissertation. For technical support, Bruker
technical services should be contacted. Their customer service is usually top notch. Refer
to the MALDI log book for a summary of previous technical issues (or contact this
author, since he spent he considerable amount of time troubleshooting the MALDI).
Finally, if the power in Earle Hall goes out, the main power cable must be unplugged
before the power comes back in to avoid unexpected power surges.
MALDI sample prep recommendations
The author recommends that low mol wt PAH samples (e.g., pyrene, 202 Da) be
analyzed without the TCNQ matrix (mol wt 204 Da) in order to avoid interference of the
TCNQ matrix with the analyte. Also, thermally polymerized PAH pitches are best
analyzed without TCNQ (in the spectra of thermally polymerized pyrene pitch taken with
TCNQ the higher mol wt species were not detected). For the analysis of very dilute
samples (e.g., HPLC eluents), the use of TCNQ is always recommended; however, a
control spot (i.e., pure TCNQ) must also be analyzed, especially if high laser powers are
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used, to determine if peaks observed in the dilute-sample spectra are due to actual
analytes or fragmentation of the TCNQ.
HPLC and UV-Vis analysis
Instrument recommendations
HPLC/UV-vis analysis is a valuable tool for the characterization of carbonaceous
pitches. Therefore, careful operation is necessary to achieve optimum performance.
Kulkarni does an excellent job of describing the operating procedure and maintenance of
the HPLC system currently in the lab (it is Nov 3, 2013 when writing this). Some of the
issues this author dealt with were related to instability of UV lamp intensity through the
flow cell. That is, if the UV light intensity is not at a minimum of ~700 units in the SI-400
software, the base line noise will be unacceptable. Therefore, the author recommends
evaluating the use of a stainless steel flow cell; this type of cell is more resistant than the
plastic one currently in the lab and therefore less prone to be affected by external motion.
Also, if the light intensity fluctuates (e.g., 20 to 700 and back to 20), it is probably due to
the presence of bubbles still trapped in the system. Make sure the system is properly
primed and the solvents degassed.
Pyrene trimer HPLC analysis
Even though pyrene dimer HPLC analysis was successful, the author did not have
the same luck with trimer samples. Although there are no standards for any pyrene trimer
isomer, isolating individual species would help identify, at least partially, the alternant
and non-alternant isomers (e.g., by analyzing individual species via nitromethanequenching fluorescence spectroscopy). One of the limitations for pyrene trimer HPLC
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analysis is the relatively low solubility of trimer in dichloromethane (DCM). Thus, the
author recommends (1) preparing the trimer solution to be injected to the HPLC in a
stronger solvent (e.g., TCB); and (2) finding a solvent gradient (other than TCB-DCM)
that will enhance the separation (e.g., DCM/acetonitrile mixture to pure DCM). Another
option worth considering would be to use the high-temperature GPC system in the lab to
run HPLC analysis. High-temperature HPLC analysis can enhance separation by
increasing oligomeric solubility and decreasing solvent viscosity. Recommended
temperatures for different solvents are given in the GPC user guide. If operating at high
temperatures, do not use low-boiling DCM (36.9 °C). Also, check the temperature limit
of the HPLC columns (typically C-18 columns) and the UV-vis detector.
Quantification of alternant and non-alternant isomers
Although quantitative analysis via HPLC is fairly common, for pyrene dimers
HPLC quantification is limited by the lack of reference standards (required for
calibration) available. Thus, alternative methods should be tried. For instance, if one
assumes that the molar absorptivity coefficient is approximately the same for all the
pyrene dimer isomers, then peak areas are directly proportional to molar areas; thus, the
ratio of alternant to non-alternant isomers within the same sample can be easily
estimated. However, this method should not be used to compare absolute amounts.
An alternative method is the use of fluorescence spectroscopy with nitromethane
quenching. This method can be implemented by preparing a calibration curve of alternant
to non-alternant isomer ratio vs. percentage of quenched area, using available alternant
and non-alternant PAH standards (e.g., perylene and benzofluorene). At least two sets of
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standards need to be employed to ensure that variations between standards do not occur.
This method assumes that nitromethane completely quenches the emission of the
alternant PAH isomers in the sample. If using this method, one must be extra careful and
overly rigorous; for instance, if the solubilities of alternant and non-alternant isomers are
significantly different, then preparing a solution by adding known amounts of the
standards to a solvent may not be necessarily be an accurate method unless both
components are completely soluble at the concentration selected. If sample preparation is
successful, which could be confirmed independently by HPLC, the fluorescence method
could be used to get relatively accurate estimates of pyrene fraction composition.
In Figure 6.1, the unquenched and nitromethane-added emission spectra of 2,3benzofluorene, a non-alternant reference PAH, are shown. As expected for this nonalternant PAH, adding nitromethane did not quench its emission response. Figure 6.1, in
combination with Figure 5.11, shows the potential of this technique for quantification, if
properly executed. A quenching agent for the non-alternant isomers (e.g., the electron
donor methoxybenzene) could be used as an independent check on results.
Presence of bipyrenes
Evidence of the possible presence of bipyrenes was discussed and presented in
Chapter 4. However, the presence of these species could not be confirmed. Optimization
of the HPLC method, e.g., with a solvent gradient other than TCB/DCM, such as
DCM/acetonitrile mixture to DCM, could be an alternative to isolate bipyrene species.
Additionally, the spectra for 1,1’-bipyrene, 1 of the 6 possible bipyrene isomers, is
available, which could facilitate identification [8].
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Figure 6.1. Unquenched (continuous line) and nitromethane-quenched (dotted line)
emission fluorescence spectra of the non-alternant reference PAH 2,3,-benzofluorene.
Upon quenching, the emission of 2,3,-benzofluorene remains essentially unaltered.

An alternative (although indirect) method to determine the presence of bipyrene is
based on the reaction mechanism Mukherjee et al. [8] proposed for the pyrolysis of
pyrene (i.e., pyrene monomer reacts first to form bipyrenes that eventually react to form
pyrene dimers) [8]. If this mechanism were occurring in the polymerization of pyrene
monomer, then the amount of bipyrene would decrease with longer reaction times. Thus,
if the 402 Da peaks are found in the eluents from dimer HPLC analysis, the 402 Da peak
intensities (from both HPLC and MALDI) would decrease when dimer fractions from
long-reaction-time pyrene pitches are analyzed.
Reaction of pure pyrene oligomers
The ability to produce pure oligomers can be used to propose experiments that
will help us understand how polymerization reactions proceed and how mesophase is

161

formed. For instance, reacting pure oligomers or a combination of oligomers (e.g.,
dimer+trimer) would be useful to determine possible reaction routes, mass transfer
limitation effects, pure-component reaction temperatures, and melting points of
oligomers that would not be easily isolated by SCE (e.g., pentamer), etc. For example, if
dimer is reacted, would it react into tetramer? Would it rupture into monomers? Would it
be methylated? Now, what if dimer and trimer reacted? What would be the melting points
or mesophase content of these reaction products? The author tried some of these
combinations (e.g., dimer+dimer, dimer+trimer); however, the results were inconclusive
or not satisfactory. However, in the author’s opinion the reactions didn’t proceed
satisfactorily because the optimum conditions (e.g., temperature, pressure) were not used.
In Figure 6.2 the MALDI spectrum for the reaction products of the polymerization of
pyrene dimer with AlCl3 at 360 ºC for 4 hours is shown. The reaction was performed in a
closed, ½” OD reactor (4-inch long) placed in a tubular furnace; no external pressure was
applied to the reactor. The amount of tetramer observed in the spectrum is almost
negligible. The reader is reminded that AlCl3 is highly hygroscopic; thus, the reactor
must be loaded in a water-free environment (e.g., in a glove box).
Thermally produced pyrene trimer
Unfortunately, time constraints did not give the author a chance to isolate a pure
pyrene trimer from a thermally produced pyrene pitch. As shown in Chapter 4,
methylated oligomers are not formed upon thermal polymerization of pyrene. Therefore,
isolating a pure thermal trimer cut via SemiSCE would help establish the effect of
methylated species on the fraction melting point and mesophase content (compared to
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catalytic pyrene trimer). For the reaction, it is recommended to maintain the reactor
pressure at a minimum of 10-15 bar to guarantee the reaction occurs in the liquid phase
(pyrene vapor pressure at 480 ºC is ~3-4 bar).

Figure 6.2. MALDI mass spectrum for the polymerization of pyrene dimer with AlCl3 at
360 ºC for 4 hours.

Methyl pyrene pitch
Inspired by the results in Chapter 5, this idea of polymerizing a methyl pyrene
monomer was proposed looking to understand the effect of methylated species content on
mesophase formation and melting point. For instance, is the high content of methylated
species in M-50 why it does not form full mesophase? Likewise, would a methyl pyrene
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trimer form mesophase, or are higher mol wt oligomers (e.g., tetramer) required for
mesophase formation in methyl pyrene pitch? Thus, methyl pyrene trimer to pyrene
trimer would be a direct comparison (in contrast to broad M-50 vs pyrene) to determine
such an effect.
Effect of homogeneity (MWD) on mesophase
One of the interesting features of pyrene trimer is its molecular homogeneity, a
characteristic that makes pyrene trimer practically monodisperse. However, what happens
with relatively narrow MWD samples that are more molecularly heterogeneous? Does
mesophase content get reduced (as it was the case for M-50 trimer)? In order to
determine the effect of molecular homogeneity on mesophase development and melting
point, binary mixtures of monomers, e.g., pyrene + chrysene, pyrene+benzo[a]pyrene,
could be polymerized. Then pure oligomeric fractions could be isolated by SemiSCE.
In situ tuning of composition
The discovery of 100% mesophase in pyrene trimer (i.e., a monodisperse, lowmelting material) could hopefully open the door for several new directions in this
research area, e.g., in the processing of advanced materials. Because fraction properties
depend on composition, the SemiSCE process (see Figure 6.3) could be used to produce
trimer fractions with controlled amounts of either dimer or tetramer (or both) that could
significantly alter or “tune” the fraction properties (e.g., melting point and mesophase) as
desired.
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Figure 6.3 SCE process for tuning pyrene trimer-rich properties (e.g., dimer spiking)
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APPENDIX A
KINETICS OF MONOMER CONSUMPTION DURING THE CATALYTIC
POLYMERIZATION OF PYRENE
In order to produce pyrene pitch, pyrene monomer was polymerized using AlCl 3
by our collaborators at the Air Force Research Laboratory. To determine kinetic
information on the consumption of monomer, pyrene pitches with reaction times of 1, 4,
6 and 8 hours were produced. Subsequently, the monomer consumption as a function of
reaction time was quantified by extracting the unreacted monomer via a low-pressure
stripping process, using toluene at 330 °C and 400 psig in the SemiSCE column, as
shown in Figure A1.

Figure A1. SemiSCE process for recovering unreacted monomer using toluene at 330 °C
and 400 psig.

Monomer consumption vs reaction time is given as Figure A2. Subsequently,
monomer conversion was converted to concentration by dividing by the reactor volume
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(500 mL). Concentration vs time data were linearly fit to a Log C vs retention time graph.
The results indicate the consumption of monomer follows a first-order rate expression.
The integral method was used to fit the data. The results of such a fit are presented as
Figure A3.

Figure A2. Monomer consumption (obtained by SemiSCE process) vs. time.

Figure A3. Kinetic data for pyrene monomer consumption during the catalytic
polymerization of pyrene monomer.
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APPENDIX B
THERMAL POLYMERIZATION OF PYRENE
Pyrene can be polymerized thermally using a small reactor (i.e., a ½” o.d. x
0.083” wall thickness x 4” long Swagelok tubing) placed in a tube furnace (Thermo
Scientific Lindberg/Blue M tube furnace (model Number STF55433PC-1) in Earle 116.
The reaction must be carried out at 475 ºC under pressure (40 bar) to ensure that the
reaction occurs in the liquid phase. A schematic of the process is given as Figure B1.

Figure B1. Schematic of the reaction system for the thermal polymerization of pyrene.

The detailed procedure is as follows:
1.

Make a new reactor for each reaction. Use ½” o.d., 0.083” wall thickness tubing

from Swagelok (part number SS-T8-S-083-6ME, sold in 6-meter increments). The
reactor can be about 4 inches long. One end must have a ½ to ¼” reducing union (part
number SS810-6-4 from Swagelok). This end will be connected to the pressure-regulator
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assembly, which is made with ¼” o.d. tubing. The other end of the reactor will be closed
as detailed in numeral 5 below with a stainless steel cap (part number SS-810-C from
Swagelok)
2.

In the fume hood, charge 1-2 g of pyrene monomer to the reactor.

3.

Connect the reactor to the pressure-regulator assembly (i.e., do not place the

reactor into the furnace yet). Carefully jam a Kimwipe into the open end of the reactor.
The goal is to flush the reactor without losing any solid material during N2 flushing.
4.

Open the house N2 line. Make sure the high-pressure N2 is off. Flush the reactor

for about 1 h.
5.

After 1 h, quickly remove the Kimwipe from the open end and close the reactor

with a cap (part number SS-810-C from Swagelok).
6.

Close the house N2 line valve. Carefully slide the reactor (without disconnecting it

from the assembly) into the furnace; make sure the reactor is centered with respect to the
furnace length.
7.

Slowly open the N2 tank. Try to increase the pressure in increments as small as

possible (i.e., 50 psi or less).
8.

Once the reactor pressure is ~600 psig, close the N2 tank.

9.

Start the furnace heaters. Stick a thermocouple (attached to a long metal rod)

along the furnace tube, i.e., parallel to the reactor. Usually, the displayed furnace
temperature is ~20 ºC higher than the temperature in the tube.
10.

Once the the set temperature is reached, start your timer. Check the temperature in

both the furnace display and the thermocouple frequently.
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11.

Once the reaction time is reached, turn off the heaters. To help cool down the

reactor, place a small desk fan in one of the ends of the tube.
12.

Once the reactor is at ambient temperature, carefully release the pressure by

opening the pressure regulator.
13.

Carefully remove the reactor from the furnace and disconnect it from the

assembly. Open one end of the reactor. The steel may have expanded; thus, it may require
some extra strength to loosen up the caps.
14.

Recover and analyze your material for composition via MALDI.
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APPENDIX C
PRODUCTION OF DIMER-TETRAMER MIXTURES
Dimer-tetramer mixtures can be used to quantify the effect of oligomeric
composition on mesophase content in binary mixtures. In particular, in this type of
mixture dimer acts as a plasticizer whereas tetramer is the mesogenic oligomer.
For M-50 pitch, dimer-tetramer mixtures can be produced by starting with pure
dimer isolated by SCE [1]. The polymerization is then carried out in a quartz boat placed
into a tube furnace; details on the operation of the tube furnace in Earle 116 are given in
Appendix B. Because the reaction is effected in an open system, the furnace tube must
be purged with nitrogen for at least 1 h before heating up. The nitrogen purge should
remain on for the duration of the experiment. The typical reaction temperature is 400 ºC
and the reaction time 3-10 hours.
MALDI mass spectra of dimer-tetramer mixtures for different reaction times are
shown as Figure C1. Softening points of the samples are indicated in Figure C1 as well.
As seen in Figure C1, as the reaction time increases, the amount of tetramer formed
increases. As a consequence, partial mesophase formation is observed in the 6-h and 10-h
samples. The optical microscopy micrograph for the 10-h sample is given as Figure C2.
Based on MALDI peak areas, tetramer content is estimated at 3 mol% in the 3-h
sample and 5 mol% in the 6-h and 10-h samples. Kulkarni’s work [2] on quantitative
analysis of M-50 dimer-trimer mixtures can be used to roughly estimate the mass content
of tetramer in the dimer-tetramer mixture as tetramer mol % ~ ½ wt %. Thus, the tetramer
content is estimated at 6 wt% for the 3-h sample and 10 wt% each for the 6-h and 10-h
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samples. However, alternative methods (e.g., removal of dimer via SCE) should be tried
in order to reliably quantify the oligomeric content in the mixture.

Figure C1. MALDI mass spectra of M-50 dimer-tetramer mixtures.

Figure C2. Optical microscopy micrograph of the 10-h M-50 dimer-tetramer mixture.
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Catalytic polymerization of pure dimer oligomers (e.g., pyrene dimer) is
discussed in the Recommendations section in Chapter 6.
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APPENDIX D
STATUS OF MALDI AUTOFLEX INSTRUMENT
In the fall of 2013, the MALDI Autoflex instrument in Earle 116 went down. The
cause was a communication problem between the Autoflex and the computer; i.e., as Flex
Control (the software used to control the instrument and run analyses) was started,
timeout error messages would pop up, one after the other, and Flex Control could not be
loaded. A typical error message is shown as Figure D1.

Figure D1. Error messages when trying to start the Flex Control software.

176

The same problem (i.e., same error messages) occurred in the summer of 2012.
That time, the problem was fixed by reseating the slave board (i.e., carefully but firmly
pulling the slave board out and putting it back in place). As seen in Figure D2, the slave
board is located on the left side of the Autoflex instrument. A big metallic cover must be
removed carefully (there is a ground wire on the inside of the cover that must be
disconnected) before the board is accessible.

Figure D2. Slave board and power supply in MALDI Autoflex instrument.
In the fall of 2013 reseating of the slave board did not solve the communication
problem. A new slave board was ordered from Bruker and installed. Right after
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installation, the board firmware must be reloaded (this is a simple procedure, but it is
recommended that you call a Bruker engineer for assistance), however, the firmware
loading could not be completed. On the other hand, reloading the firmware for the master
board was successfully completed, which indicated the master board was not defective.
Therefore, the slaveboard was ruled out as the cause of the problem (there is still a small
chance that it is the slave board and something else).
Because the slave board did not solve the problem, Bruker engineers suggested
replacing the power supply that powers the slave board (see Figure D2). As of Dec3,
2013 the power supply has been ordered and will be installed shortly thereafter. The other
possible component that could be the cause of the problem is the backplane board, i.e.,
the board where the slaveboard is connected. According to Bruker engineers, this part has
never been replaced in any Autoflex instruments, so they doubt that it could be the cause
of the problem.
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APPENDIX E
STATUS OF SCE PROCESS AUTOMATIC CONTROL SYSTEM
In late summer 2013, the computer where the National Instruments/Labview
automatic control for the SCE process was installed had a fatal crash. Even though the
files were recovered by Clemson CCIT technical support, the computer could not be
fixed. The hardware components for the control system that were in that computer were
about ~15 years old. Thus, a compatible computer running Windows XP (the National
Instruments boards in the old computer have PCI conections) was found in order to
reinstall the Labview version (6i) that was on the old computer. Even though the
installation was successful and the boards were recognized, the pressure control program
did not run properly, probably because the hierarchy of the files and libraries needed for
the program to run was lost when CCIT recovered the files (the pressure control program
is a complex piece of code consisting of tens of subroutines and libraries).
As a first option to replace the Labview system, a PLC controller and a stepper
motor from Omega were purchased. The pressure controller for Column 2 was calibrated
with a dead weight tester for this new system; as of Nov, 2013, the pressure read to
within 1 psi using the Omega controller. However, a PID control like the one used with
the Labview program could not be implemented using the Omega system and the stepper
motor. For implementing a PID you need to have position feedback so that the controller
knows exactly where the motor is all the time; stepper motors can move very accurately
based on pulses but cannot give feedback on their position. An alternative to using the
stepper motor with the PLC controller would be to use a servo motor with an encoder and
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to try to implement a loop using the PLC controller. The way this would work is that the
PLC would send pulses to the driver so that the driver would move the motor. However,
this approach is difficult and likely would not work as hoped; setting such a system
requires finding a way to transmit the encoder position from the driver to the PLC, which
can be difficult.
An alternative to using the PLC control is to go back to a National
Instruments/Labview system. Currently, Clemson has a license for the latest version of
Labview (CCIT must be contacted for this); however, some hardware will need to be
upgraded. The National Instruments alternative requires, besides software (i.e., Labview),
a chassis and the modules for the different signals (e.g., current, voltage, etc.). The
chassis controls the timing, synchronization, and data transfer between the modules and
the computer. The modules receive, convert, and condition electrical or sensor
measurement. Thus, a module for the transducer (current input) and a driver for the motor
would be needed. A chassis that could eventually be used for automatically controlling
other variables, such as the level detector and the heaters, would be desired. An
advantage of this option is that there are PID packages and sample pressure control
programs available from National Instruments. There are chassis and modules availables
in the Deparment (contact Mr. Bill Coburn), so specific compatibility of these parts with
the software and computer boards must be checked. Regardless of whether the National
Instruments hardware is obtained new or used, it is recommended that the specific
configuration selected be compatible with newer conputers; otherwise, the risk of having
a fatal computer crash is high.
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APPENDIX F
SCE COLUMN EMERGENCY PROCEDURES
If in the lab and any of these situations occur while the SCE columns are running
then follow the instructions below and contact the emergency numbers posted on the lab
door. NEVER OPEN THE TOP-PRODUCT VALVES ON THE SCE COLUMN
ALL THE WAY.
Pressure Buildup
If during regular operation, i.e., automatic pressure control working properly, the
pressure increases to more than 200 psi above the set point, or in the case of very rapidly
rising/high pressures (i.e., >1200 psig), then take the following action:
1.

Go to the solvent pump (on the floor to the right of the right SCE column) and

turn the power off (the power button is on the bottom right front of the pump).
2.

Do NOT attempt to open the top valves manually. This might result in the

column pressure being released suddenly and violently.
3.

Walk to the door and pull down on the lever of the larger switch box (labeled

‘DGE main disconnect’) to turn off the column heaters.
4.

Leave the lab, close the door, and contact Dr. Thies (864-654-6022, home; 656-

5424, office (Earle 221)) or appropriate emergency contact immediately.
The SCE columns are equipped with a rupture disc rated at 3000 psig that will
automatically burst when that pressure is exceeded. Try to avoid that situation by
following the steps above.
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Major Leak
If there is a major leak during a run it will likely be in the vapor phase. However,
if a major liquid or vapor leak occurs complete the following:
1. Go to the pump [on the floor to the right of the right SCE column] and turn the power
off [the power button is on the bottom right front of the pump].
2. Walk to the door and pull down on the levers of both switchboxes (labeled ‘DGE main
disconnect’ and “DGE 120 volt wall rec.’) next to the door. The “DGE main disconnect”
switch powers the column heaters whereas the “DGE 120 volt wall rec” powers all the
120 volt wall outlets.
3. Leave the lab, close the door, and contact Dr. Thies (864-654-6022, home; 656-5424,
office (Earle 221)) or appropriate emergency contact immediately

Power Outage
In case of a power outage, all electronic control of the DGE columns will be lost.
1.

Go to the solvent pump (on the floor to the right of the right DGE column) and

turn the power off (the power button is on the bottom right front of the pump).
2.

Walk to the door and pull down on the lever of the larger switch box (labeled

‘DGE main disconnect’) to turn off the heaters.
3.

Climb to the top of the DGE column and disengage the motor control of the valve.

Make sure the control valve (micro metering valve) is about 1/8 turn open. Do NOT
attempt to open the collecting valves or the valve in the middle manually. This might
result in the column pressure being released suddenly and violently.
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4.

Leave the lab, close the door, and contact Dr. Thies (864-654-6022, home; 6565424, office (Earle 221)) or appropriate emergency contact immediately
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APPENDIX G
GPC SAFE-USE RECOMMENDATIONS
In 2011, the GPC suffered a major malfunction that shut the instrument down for
months and cost almost $10,000 to fix. The problem was detected when as a leak from
the vent port underneath the GPC was observed. Eventually, troubleshooting led the
author to the discovery the refractive index (RI) cell had broken. Below are suggestions
so that this situation will not occur again.
RI Cell rupture causes
1. Most likely it was caused by insoluble material charged to the GPC accumulating
over time in a sample line after the RI cell.
2. The shutdown procedure at the time, might have indirectly contributed to this
situation. As described in Ward Burgess’ dissertation: “ a) when TCB is used, the
operating temperature is 140 ºC and the solvent flow rate are 1 ml/min when analyticalscale columns are used and 2.5 ml/min when prep-scale; usual running times are up to
80 min per sample. b) once the run has concluded the solvent flow rate is reduced to 0.1
mL/min (both analytical and prep-scale) and the temperature set to 80 ºC. The cooling
down process usually takes a few hours (3-4h). Once that temperature is set, proceed to
shutdown, or leave on standby mode.”
According to this procedure, all the sample material should leave the system
within the run time (80 min); however, some small amounts of material may have
remained in the system and accumulated over time. Since the shutdown is carried out at
lower flow rates and temperatures, the chances of this material being flushed out during
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this process decreases significantly with time. In conclusion, it is likely that the plug was
generated by material accumulating over time that was not flushed out properly.

Recommendations
1. Limit the sample concentration to analytical-scale values (1 mg/mL) when
possible; i.e., avoid using prep-scale like concentrations (up to 10 mg/mL) if you can use
analytical scale. This applies particularly if you are using pitches with insoluble or
relatively heavy components.
2. Leave the solvent running at high temperaturs (140 ºC) and operating flow rates
(at least 1ml/min) for several hours BEFORE starting the shutdown/cooling down
process described by Burgess. This approach consumes more solvent, but will hopefully
help flush out any material left over in the system and avoid a hundred- or even thousanddollar damage to the GPC.
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APPENDIX H
PERMISSIONS
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